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COMPUTER PROGRAMS

GE RAL
I- A family of computer programs provide the capability
to examine life and uncertainty distributions at levels
ranging from a specific failure mode of an individual de-
vice to a complete system of substantial complexity. All
of the programs were written in the BASIC language (as im-
plemented on the CDC Cybernet/Kronos time sharing system)
in order to provide interactive-mode capabilities.

The family includes the following:

COMPI -- A program specifically tailored to 97
device types and/or failure modes included in the
systems analyzed. For each device or failure
mode, the program yields the median and 5 percent
lower bound on reliability and the parameters of
a beta distribution sharing those fractiles, for
any desired point(s) in a mission.

BETSB1 -- A program that accepts reliability/
uncertainty descriptions (in beta-distribution
form) for a group of components that are either
identical or independent and have either a strict-
ly series or a strictly parallel-redundant rela-
tionship, The output is a reliability/uncertainty
descriptioa, of the group in the form of moments
Gf the di3tribution and the parameters of a beta
distribution possessing those moment values.*

*

This program was developed under Contract No. N00123-74-C-1799
with the Naval Weapons Center, China Lake, California, and
is described in NWC TP 5748, "Rocket-Ramjet Cost and Re-
liability Prediction Methodologies", July, 1975, the final
technical report under that contract. Further discussion
of the use of the Beta distribution is provided in Appendix B.
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BETSB2 -- Analogous to BETSB1, but designed for
independent components in m-of-n redundant con-
figuration.

for identical components in m-of-n redundant con-
figuration.

BETFTA -- This program provides the capabilities
of BETSB1, expanded to allow concurrent analysis
of groups of the four kinds (series-independent,
series-identical, parallel-independent, parallel-
identical). The input is in fault-tree terms;
up to 20 levels and 100 events per level are al-
lowed. Inhibit gates (with conditioning proba-
bilities) also are accommodated. Lowest-level
(component, failure mode) inputs are required to
be in the form of beta-distribution parameters.
M-of-n redundant configurations must be prepro-
cessed (via BETSB2 or BETSB3, as appropriate);
the result then may be treated as a basic event.

BETALl -- This program is intended primarily for
use at high levels (systems and major subsystems),
although it may be used for any configuration
whose elements are independent and in series. In
addition to inputs as required for BETSB1, this
program requires the cost of the next test for
each element. The output, in addition to moments
and parameters of a fitted beta distribution, in-
cludes identifi.ation of the element which, if
tested next, would yield the maximum information
gain (in terms of reduction in expected variance)
per unit test cost; the corresponding amount of
information gain, and that expected if the entire
aggregate were tested next; and, via numerical
integration of the fitted beta distribution, the
5, 10, and 20 percent lower bounds on the re-
liability of the aggregate. This progr:am thus
can be used fo' est planning/test resource allo-
cation in advarnce of testing and, with minor
manual intervention, as a real-time test planning
tool.

Listings and short descriptions of each program follow.
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PROGRAM DESCRIPTIONS

COMPI

This program will be described in somewhat greater
detail than the others in view of its specificity, which
will make it necessary to modify the program if components
or failure rate estimates other than those provided are to
be accommodated.

As noted above, program COMP1 is designed to calculate
reliability descriptors for each of a fixed list of
components/failure modes. Each component may he evaluated
for any desired point during a mission with exposure mea-
sured in terms of mission time, operating time, number of
pulses, or other measure, as appropriate for that component.
The required meastre(s) are identified by the program as
the computation proceeds.

For most components, the required parameters are stored
in final form. For some components, the parameters are
calculated from design factors (e.g., design life) that must
be input when requested. Each component/failure mode must
be identified using the 2-4 charactei alphanumeric code
indicated in Table 9 immediately fo±lowing the COMPI program
listing.

Program output consists of the median and 5 percent
lower bound of the reliabiliLy uncertainty distribution and
of the parameters (alpha, beta) of an approximating beta
distril ution to those fractiles. Caveats also are displayed,
as necessary, in the course of the interactive routine.

In some cases, the component life and uncertainty
models are such that the 5 percent lower bound (RO in the
program) coincides with or exceeds the median (R5) at ex-
tremely early and/or extremely late points in a mission.
Coincidence also can occur due to computation resolution
limitation when the reliability is very near 1 or 0. Most
such occurrences have been anticipated and caveats as well
as Frovisions to avoid program termination incorporated.
Occasionally, error messages (e.g., "atLempt to divide by
zero" or "negative argument in lou function") and program
termination may be encountered.

The following description is keyed to the program
listing in terms of blocks of statements:
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30-127 The dual-subscript variables, W(I,J), are
assigned values for subsequent use in de-
coding component labels and invoking the
appropriate sequence of parameter assignment
and exercise of life and uncertainty models.

201-209 The component label, a 2-4 character alpha-
numeric string, is requested, input, and
translated into a unique I, J subscript pair.
I is the display value of the first string
character; J, the sum of the display values
of the remaining characters.

210-252 C=W(I,J) is used to select the appropriate
"ON...GOTO..." statement and thus the state-
ment to which control is transferred. If
"ZZ" has been input deliberately, or a string
without valid interpretation has been input
accidentally, the program terminates via a
"No such component" message at 99998.

300-1234 Each group of statements begin; with a state-
ment number that is a multiple )f 10. Each
such group contains distribution parameters,
requests for design information and special
comments as needed, and "GOTO..." statements
leading directly or indirectly to the appro-
priate life/uncertainty model.

2000-2876 Blocks of statements within this range deal
with specific models as indicated below.

2000-2026 Exponential life distribution involving
operating time.

2030-2056 Exponential life distribution involving
"pressurized" time.

2060-2098 Exponential life distribution involving
number of cycles.

2130-2154 Weibull life distribution (3-parameter)
involving operating time.

2160-2190 Weibull life distribution (3-parameter) in-
volving operating time and exponential life
distribution involving operating time.
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2200-2226 Exponential life distribution involving
mission time.

2230-2268 Exponential life distribution involving
mission time and exponential distribution
involving number of cycles.

2270-2308 Exponential life distribution involving
operating time and exponential distribution
involving dormant time (obtained by sub-
tracting operating time from mission time)
and exponential distribution involving num-
ber of cycles.

2310-2366 Weibull life distribution (2-parameter) in-
volving mission time and Weibull distribution
(2-parameter) involving oeprating time and
Weibull distribution (2-parameter) involving
number of cycles.

2370-2384 Exponential life distribution involving
operating time and exponential life dis-
tribution involving mission time.

2400-2430 Weibull life distribution (3-parameter) in-
volving mission time and exponential distri-
bution involving mission time.

2440-2480 Weibull life distribution (3-parameter) in-
volving operatinq time and exponential
distribution involving number of cycles and
fixed fraction capable of success.

2500-2542 Weibull life distribution (3-parameter) in-
volving operating time and Weibull distri-
bution (2-parameter) involving number of
cycles.

2550-2568 Weibull Life distribution (2-paiameter) in-
volving operating time and Wuibull distri-
bution (2-parameter, shape parameter same)
involving number of cycles and Weibull
distribution (2-parameter, shape parameter
fixed at 3.0) involving number of cold starts.

2580-2624 Weibull life distribution (2-parameter) in-
volving operating time and Weibull distri-
bution (2-parameter, shape parameter same)
involving number of cycles and exponential
distribution involving dormant time (obtained
by subtracting operating time from mission time.
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2640-2704 Exponential life distribution involving
operating time and normal distribution
(coefficient of variation fixed at 1/3)
involving operating time and normal distri-
bution (coefficient of variation fixed at
1/3) involving number of cycles.

2710-2746 Exponential life distribution involving
mission time and normal distribution
(coefficient of variation fixed at 0.15)
involving mission time; failure by normal-
distribution mechanism restricted to pre-
defined subpopulation; special preset
flags for apportionment among failure modes.

2750-2774 Lognormal life distribution (log standard
deviation fixed at 0.3991) involving mis-
sion time to firing (mission time elapsed
before actuation).

2810-2834 Exponential life distribution involving
number of operating pulses and normal dis-
tribution involving number of operating pulses.

2860-2876 Exponential life distribution involving
dormant time (obtained by subtracting
operating time from mission time).

3000-3310 This series of statements provides approxi-
mations for fitting a beta distribution to
the RO, R5 values. The following blocks of
statements deal with matters of special in-
terest as indicated.

3001-3003 In the approximations used, the dividing line
between positive and negative values of
beta corresponds to SO-0.89146, and com-
putations are split accordingly.

3004-3009 If RO equals or exceeds R5, there are de-
generacy (tail-crossing) problems as
discussed previously. Appropriate messages
are provided, and calculations are bypassed.

3010-3094 For negative values of beta, a piecewise-
linear approximation is used. For beta less
than -0.91, the approximation yields ques-
tionable alpha values as indicated by the
programmed message.
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3100-3310 For positive values of beta, the approximation
used requires iterative calculations. The
range for iteration is bounded, and a variable-
increment procedures is used to limit the num-
ber of iterations required.

4000-4050 This block of statements embodies the infinite-
series equivalent of the cumulative normal
distribution. The series is truncated when
the absolute value of the next term is on
the order of 0.000001 or when 40 terms have
been included; the series converges rapidly
except at large distances from the mean.
When the distance from the mean exceeds five
standard deviations, the result is forced to
0.99999999 or 0.00000001 as appropriate.

The program also may be used, with minor modifications,
to obtain the parameters of the fitted beta distribution
for inputs consisting of R.05 (RO) and R.5 (R5). It is
necessary only to overlay the followinq statements:

7 GOTO 5000
5000 PRINT "INPUT R.05, R.5 (0,0=END)"
5002 INPUT R0, R5
5004 IF R0=0 THEN 99999
5006 GOSUB 3000
5008 PRINT
5010 PRINT USING 2, RO, R5, AO, BO
5012 PRINT
5014 GOTO 5002

This modification will be referred to as BETAP 1.

BETSB1

This program, and those that follow, should be run in
double precision mode if that feature is available (2.g.,
in IBM CALL-OS, where the corresponding command is "BASICL").
A reminder to that effect is printed followinq the "RUN"
command. The feature is not available and not needed on
CDC Cybernet/Kronos.

While this piogram is largely self-explanatory in
execution, a description in terms of the inputs requested
by the program may be helpfu'.

11-7



TYPE OF INPUT (1-PARAM, 2=MEAN&VAR)
As indicated, there is an option of input in
terms of beta distribution parameters (alpha
and beta, e.g., from COMPI) or in terms of the
mean and variance of the beta distribution.

HOW MANY COMPONENTS?
The actual number of components (or failure
modes) contained in the aggregate being examined.
(For more than 10 components, it is necessary to
add the statement 6 DIM A(**), B(**) where ** is
a number exceeding the number of components by 1.)

INDEPENDENT=l, IDENTICAL=2
The response should be "2" only if all components
not only have identical failure rate expectations
and variances, but are of the same type (e.g.,
composition resistors of the same rating and
resistance value and hence likely to come from
the same manufacturing lot).

SERIES=l, REDUNDANT=2
Respond in accordance with the configuration
being evaluated.

VALUES
Respond * ** using alpha and beta or mean and
variance, as previously indicated.

BETSB2

From the user's standpoint, this program is similar
to BETSB1; however, it handles only the case of indepen-
dent components in m-of-n redundant configuration. The
salient differences are:

HOW MANY REQUIRED?
Is an additional prompting statement; the re-
sponse is the numerical value of m.

Neither the series/redundant nor the independent/
identical question will appear, the answer being
implicit in the choice of this program.
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Twenty components are allowed by DIM statements
at 140 and 142. A large number of good/bad state
permutations are implicit; if that number is
exceeded, a statement indicating the need for
modification of the DIM statement at 142 will
appear, as well as an indication of the numerical
value required to be substituted.

BETSB3

This program handles identical components in m-of-n
redundant configuration. The prompting statements are
identical to those of BETSB2, except that no statement in-
dicating need to extend array dimensions is provided; such
extension usually will be unnecessary here.

BETFTA

This program is related to BETSBI, but allows com-
binations of identical/independent and series/redundant
configurations and requires input in the form of a fault
tree description. Input must be in parametric (alpha, beta)
form and provided as a series of DATA statements. Immediate-
lv under under any loqic "qate" events must be either all
identical or all independent; the fault tree always can
be restructured to meet this condition. Multiple input
DATA sets may be provided; the program will continue until
all DATA sets have been used. (This feature permits
evaluation of the aggregate at a succession of points in a
mission.) Key features of the program are described by a
series of REM statements that may be displayed by command-
ing a listing otarting with statement 80000 (in CDC Cybernet/
Kronos BASIC, the command is LIST, 80000). An expanded dis-
cussion follows:

HOW MANY LEVELS?
The number of levels is equal to the number of
events in the longest branch of the fault tree.
(All logic gates within a branch, except inhibit
gates, must be separated by events, which may be
arbitrary if necessary.)

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
A series of inputs, consisting of the number of
events at each level except the (single-event)
top level, is required. Each input should be the
total number of events at the appropriate level,
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beginning with the lowest. (Note that not all
branches need have events at all lower levels,
and that there must be no gaps between the top
level and the level at which each branch ter-
minates.)

DESTINATION
Each event is implicitly defined by dual subscripts
I, J, where I is the level and J is the number of
the event under consideration at that level --
e.g., counting left-to-right. Thus, the first
(e.g., leftmost) event at the third level is
defined by the subscripts 3,1. The program will
cause I,J to be printed; the correct response
(DESTINATION) is the index J' of the connected
event at level I+l.

CONDITIONALS? (O.0=SKIP)
A response should be provided for each inhibit
gate in the form of the I,J subscripts of the
event immediately below the inhibit gate. The
next response should be the value of the proba-
bility associated with the inhibit gate. The
sequence will continue until a 0,0 response (or
any O,J responLe) is given.

GATE TYPES
Each gate (other than inhibit gates) is identified
by the I,J subscripts of the event immediately
above it. The program will indicate each gate by
prni inq the subscripts; the response should be
1 for an OR gate connecting independent events,
2 for an AND gate connecting independent events,
3 for an OR gate connecting identical events, 4
for an AND gate connecting identical events.

Following completion of gate identification, the
program automatically will read alpha and beta
values for each input event from the DATA state-
ments, which must be provided. Reading of data
is in ascending order of levels and ascending
value of the J subscript within each level, with
automatic skipping of any event that is a "desti-
nation" (and thus has reliability values determined
by lower-level events); the sequence of entries
in DATA statements must correspond. For example,
assume a three-level tree with two events at the
lowest level and two at the second level, the
first of which is the destination of the two
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lowest-level events. In this program, the alpha
value of the I,J event is represented by T(I,J)
and the beta val;ue by U(I,J). Support T(1,1)1-3,
U(I,l)=0, T(l.2)=9, U(1,2)=1.3, T(2,2)=11.5,
U(2,2)=-.6. Then an appropriate set of DATA
statements would be:

900 DATA 3,0,9,1.3
902 DATA 11.5,-.6

BETALl

This program resembles BETSB1, but is intended for use
in test planning and/or when calculation of lower bounds
(5, 10, and 20 percent) is desired. Only series configu-
rations of independent elements are accommodated; this re-
striction generally is met at high levels of aggregation
(system, subsystems).

Most prompting statements are similar to those used in
the BETSB series of programs or are self-explanatory.
However, some statements are in the form of questions re-
quiring yes/no answers. The response to such questions
must be numeric (1 = yes, 0 = no). Some selected prompting
statements and program features are discussed below.

PERMIT NEGATIVE BETA?
The beta distribution becomes J-shaped when
either parameter is negative and U-shaped when
bot are negative. Negative parameter values
arise when the uncertainty (variance) is relative-
ly large, especially if the expected value is
near 0 or 1, and are legitimate. However, the
user may elect to allow only non-negative values
of beta by responding "0"; if a negative value
of beta then is encountered during computation,
the program will automatically set beta equal to
zero while retaininq the expected value of the
distrib ution, thus obtaining the largest variance
admissible without neqative values of beta.

VALUES? (THIRD VALUE IS COST OF FIRST TEST)
The required response is as in the BETSB programs,
except that the cost of the first (next) test of
each component also must be entered. This entry
may be arbitrary when the program is used only to
obtain lower bounds.
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DISPLAY COMPONENT VALUES?
A positive response ("1") will cause parameters,
moments, and assigned test costs to be displayed
for all components. The displayed moments in-
clude expected value, E(P); second moment about
the origin, E(P*P); and variance, V(P).

CLOSURE
The number displayed below this message is the
total integral of the distribution over the in-
terval 0,1. Numerical integration is used; if
the displayed number differs substantially from
1.0, the validity of the displaved bounds is
questionable.

NO. DELV COST TOT COST NO. TESTS
Under these headings there are displayed the iden-
tity of the component just "tested", the change
in variance resulting from the "test", thr iost
of the "test", the accumulated cost of all )m-
ponent "tests", and the number of "tests", and
the number of "tests" of the identified component.
The change in variance (DELV) may be compared to
the expected change, E(DELVAR), displayed under
"FOR SYSTEM"; taking costs into account, one may
elect not to CONTINUE. (Use of BETALl may be
resumed subsequently, after one or more system
"tests", using updated input values.) If one
elects to CONTINUE, and opportunity is provided
to adjust the cost of the next test of the same
component (CHANGE NEXT COST?); if not, a display
of the end-of-run status of all components is
available.

As a before-the-fact test planning tool, the program
uses "test" results on an exDected-value basis; that is,
a "test" increments the corresponding alphn by E(P) and
beta by l-E(P). When used in a real-time mode, one would
increment alpha by 1 for a successful test and beta by 1
for a failing test; this incrementation would take place
off-line, and the program exercised with the new values to
identify the next component to be tested.
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COMPI Program Listing

1 i,, N INI "kulIU1 IV; l,,al I."

, U I V A ( 3r, , ?

30 w(|I ,lI9)=l
3)' V(P 1$ 1 9)= ,
" AV( I. , )=

3:3 w(6,' l )=4

Jb A(2,?)1=
34 (e, #, I): =

3a 8C 6 0,PO V

"39 ;, ( p 3 ) .I

409 1C'4,l)=l

L)4 A.. (I 3, 2) )

,41 1 W p I ) z:' I

o, C I ,rO, ) - ''46] V. 4p 9)= It

41 %( IA ;, I ) 11)48 % 4.( vA z- I:':

.,0 1( 0 I -?

'? w?,(P3P )
p) 3(6," 0 =J

66 6
%5 (6,1)=3C3

(, v (',,( ) =3 1

11-13



10o ( 3?)13

14- w(3,~PY)=z 2

17 w( 5,s3 1) =44

19 , v II ~) =4

hi IJ i1 4 1 =4t<

H9 1~9,d*9) ='d

8 b th193 ')14

IH.A * t =)'

wi ( 6ppII

90 V. (9A1 )t)!()
%) Ii A (9p~t =-)

tog 0. 01f 3~

a 1--14



123 '(2,4)91

125 w(26,26)=0
126 W(14#19)=93
12/ h(9,50)=94

201 i~

P0P lNteJl s4
203 CHAN(4. AT, fo U
P04 J=O

P06 J=J+(()
20/ NKY1 1

gin j~ C' c i iHN 9999M
Pi1 IP r(>10 U011u P14
PIP 16N C 601')If):00,310j:iP20,'4ir).o340,4l'J,i50313f)o3)4Op390
214 I C("P) U0~0 2lM
216 0 N (C-1n) biJ' W 410 A, V 10420,a430WA440,A450, a'160 Ai 1/0 *4$4) ,490

IO N (C-PO ) uk)Tk, t))(, A 1.10 b /nA3op I , ')4nA ),msl )6(1 A .I r)O, '.))So , -19(

234 ON C - 0 ),~~ 60340
22b I KN rCd P )3 00 10 P,91,2,'C 4in /),'t,,$,9

240 ON (C-4/0) La~ kl 1000 /In 1010 11n(), 134,s 1)44, it~i iP~ ,o iF~ A)h , 1)

P30~~ ~ ~ ITh v r :060(1t' k ;,1

2P 10 ('090 WU10 2"'K

'44 0 O ( U, - IO 1 1 o n 1 n 00A I o I ol A 10 20, A 1 3 j, 1 1) 4) f 1 I f~C I A 1 0 ( 11) An

P I r. )1190 () 1 ;d 4h

P 46 10 ,, 1'0() l~tpy pt()
P0 JN (C-90)) hukj 12,0111,12012(

30 1 (1 )- ')3'

'1101



342 G6010 2030

,353, 6010 2030

310 F(!,1) I * 3.E-s

311 601 (5'043E

38i0 Pr INJ "SAivd A-' k

3910 1,):.PF-
391 ~~c20

4O' i L60110 P060

410

41P bk) I 210
420) PPivINI "SAME A A
421 bL'iO 410

432 U0,10 2e000)

4!) 1 (6,2:.F

153 A6=0

460( HNTNI "CUb P LLAK ('01iHINEW'O
461 PtqdNi "( 101 SEPThAl~p USE vC (ANL Vt-)

43 (; 1 9 .!135E.-

4.66 UJU 2060

aa I I 2=01~ -o,

14 1- 6 =3

416 60 10 2160

~1 F CIvP ) =2.*13 F- 6
pX (2V1yj 2000

491 I.(4,?1 *SIEk-6
49? U010 P200)
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501 F(4#P)1:l.69F-I/
bO2 GOTO P200
510 B~9=0
51 1 F (4,1)=9 */4.-1
512 P( j'= -3 -
51.3 FUI,1 )=I -4
514 (9#1 )=.(j3
515! F(9,2P)=.09
!516 60,'0 ?i10

'Jc I F (f,) / s0rb. I

524 6~

')P6 60l10 ?160)

530 I. (1Ia1 ) = *e I-
531 01 '9 2) =!) lF1 tb

tb61 F( 9 5)]-i',

51tO0 C '1I ~ AS 4 vtk

!) iI CIO10 550

581 (,z9IP

II83 U1I6 51313
590 Fk1'INI "PClL A 3U AL1KK"
591 Hg9l,

600 F11~.-

602 U010d ?000

6310 F(4,P~ p 8 II) -4 IA-1

612, oo 2200
620 PId4#?)=1.AE-I

6 V"2 b 0 1 k ?'P0 f
630 P 6 sI ) =.9 9A 9
631 F(642)=1 .9L.H

633 A6=0

1,4n0 F(4,I ) =IOH -01
0-41 ? (4#,2)1 .66? -1
64P 6010~ P200
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W 1p600 2200

66UJ P ( 4p 1)=6,b-

661 (,)6I~-

662 hUlO ?200
6-70 P'NINI ".SAMEt AS L~vC"
611 U01 16 615O

::! I (1,2):9,41-h

We): bU TO PPOO

691 F ( I , ! )=PE Ibl.-

692 GOi 00{I

101 F ( I s,2 1 ., 1 7K' - 1

1 OP U0l0 ?000

/In F1(4p )=I302E-b

/60 I,1):?3F.-'

/PI1 I P?! ) =6, * I "t"-6

130 F(II )-lbE-l
131 F (IP):9.2'F..
'1? C010I 20O0
140 F (6,I }=499E9

1l4l I(6 P)=3.4

III 6,0I0 P130

"Ib -9 F(4 , ) .I ) 3 e ,-

7 b53 (ZlipP): = . 1Ll-6

1h4 U01IW PP30
160 (| IsI ) =3 *8L- 1

161 1(I#211):.FSE 6
"162 .'(?,1)=?K
1b3 I(.P = I,
764 , , ) I. S-

16f , 6010 P6,40
'110 PW IN I "APPLI LU vOL ),.IA IED vtULl It
'I'll ]NFUt F4

113 P ( .I * I :(P411 I t) * b *0 1b.,

III 6,0T )=O (-.PS.,.Ii.
"/$50 P () 3s" =?L[4 - I•b 91 1

7it 6 Wi 0 P 100

-6 91) F'(I ,P):? -6

191 P' ( 1. I ):=I * Alk.- 6
192 60116 Pil"Mf
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800 "12=3.01-6
801 F(1,1 )=j.24/E-b
h02 6010~ 2000
F10 *(I,P)=P-6PE-6

F,12 bolo0 p000

820 kC, I) = - 5 E-.6
8??P GOTO 2000
830 F'1 2) =P.!E-6
831 p ( i)=. 198E-6
83P 6o1o 2000
840 H1=.p

842 IC?,2)=PE-9

844 FCI,2)=3.PEi
845 bI0TO P810

8510 f(I ,)=1 .8?6-6

H60F(2.1 )=3.03 -9
861 ~?2:.8~

M63 P (4,p)=3.F-

A64 601v 2230)

873 I.(4,2 )=3 .08L-

P' /4 6010J 2230
k140 (4,1)=).8F-9
88) P'(4,P)=5.PE -p

89P 0 C1)=l.13o -

891 F ( L, ) = .6 : - ,

P93 (1,P)=2.04E-3
894 P P -) P 4 - 6

896 6010 PPI0

901 P(S2)9 .9E f
90? ~(~=36,3k-4
903 (,)30~-
904 J6 (21).6-6

906 tmi ' 22/0
910 =h (? .6P -6

912 P(,
913 F (h,2)z;2.4ijE-)
914 GUN~ 2230
920 PkINI 4!Av- AS (CVol
921 (U 910
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930 F(Pp 1 )-:1 32f-5
931 p(PvP) 5.1 5E-4
'2 ' P (, -, I) 1 .6 E- 1
933 I(4#2)=5d85E-6
934 OoT., P230
940l PRINI 'DESI(UN CYCLE LJhAEOP. L-IF,PITSSIONh IUikAII~j\"

9141 INPUI HP?,ElPB4

943 6.

944 11) H? 5/~E-

941 .,/)~s/.Jg

9f (4,1 )=( (j-4/2) '.5)/I 34F.-

949 bolo 2310
960o t'KNI *VVSTG6N CYCLE LtrEpwia. LI I-INUIIIN

9) 1 1NPU I FPP,

9!)3

9)1 1(41).4-

959b uo6IO P340
990 t~ IN I "S MT(, C~ YCE~ 1 ,U vI NIU-AIIWN
991 uIPU 9RPF*0
1000Hf) A6I.
9063 6:

964 P4 1-2



1010 PtONI "SAMr A FE0S
loll b161i0e 1000
1020 A6=40L4

1022 P(6,IJ)=4El
3023 FC6p2)zP.4?Ke

I026 UOT0 24~00

IU31 ubWO 1020

1042 6010i 2200
10b0 V(6,1 )=P.9t)ES
1051 F(6,P)=l.9Kl
I0bP A6=0
1053 R6=1.1,
1054 bukio P130
1060 PFkINI "IHRU IJSKt CYCLES 9 V IIP

1061 I (2,1 =3*SlE-8
106? PC2,2)=4.46E.-l
1063 IV(6#1)6.3H2
1064 V(6*P):l.&4K..1
106b A6=0l
1066 B(6=3

1069 6010 P440
100 '4b=0

1013 INPUI Hl
10/4 F (6p 1 )o.*E1)/4* It~-I
107b (,)(*11tb11-
1076 bOJO 2130
10F80 A6=0
1081 b~)*,

1083 INPUY b?*Hl~

1085 (6)(.*)1/1I6

309? F(po 20

1100 PRINI 'SA%"E AS 141'
1101 L4OTO 1090
1102 'PhIN11L)uESIN CYC LIJP ,I)SIUN CULD)Stl~It i
1104 INPUI FPs.1281~
1106 146 x I
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11124 1(2B)t~49>

1 116 IF fi3=0 IHEN 2!:5

1II 11 (3*P):(.2*P3)t2/3olE-

1 119 Liu3&o 2550
1120 FkIN1 'Vt.Slbt CYCLE L1)L.CO~LD ',Ai LJ~lP LIIEP
1121 INPUT H2,F13#RI
1122 H6=2
1123 P(P,3)=.5*42/2.FqE-6
1124 (,.*R/.I-

1126 F(1,P)=.S*Fl/4..E-4
11PI IF R3=n THEN 25Sf)

1129 PC3p2)=(?*3)t9/3.7PE-5
1130 tAiJO 25!30
1131 P'( I 2)=3#.E-8<
1 1 32 F(1,1)=4.9E-9
1134 6010) PH60
1140 plil~i "DIES16iN CYCLF L1 ,OfH.Llt'30J

1141 INPUI FPPRI
1142 F(2,1).SFP)./91-

1143 F(2,2 P1 *I )t./1 -l
1 14b Ff1.. 1)=(otp*Fi )19')/1 .0k-/

1148 S6=1.5
1149 C01h0 2580
11I50 PKINI "3)3ESIUN" GYCL LI3EUP.LIFEf'
1151t~ Pi-INI '"(CYCL.S=PU1.SL~S)"
1152P INPUl R2pbI

11!)4 ~ 22(*!5*82) t IE-9

1156 ~6.

315s (;koru 2SFRo

1163 4DP2)=e?3EK-

1164 1I0T0 223()

116~3 h (4p2)=? OE1 3

1112 Pf9,l)z0.96l

114 iSP(9p2)=.96
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1 116 A6=0
1117 R6=3.5
I118 (3010~ 2440
I I o PRIrvI "DEiSIGN koP. LIFE=?'
liki INPUT P1

1154 A6=0
11K5 H6=2.5
1186 60T 16 2130
1190 PJhJNI '1REL=1.0 UNFIL FIRIN6 tvLCUIgkELU

119? F(lill)=/

1193 ('P' 7-'0
1199 PkINI "ASSL$SEL' AS BACK-UP IV FLH vA10 kF i(LY"
1200 PiN]'NEGLIGFLE IMPACT Al !SY~lfb'. ULL"
12031e~ II*(USE kKL=1 .0 IF NO UIHFR DAlA)"

1211 (4,)=1*66E-i
1212 (i'd P200

122? b1~Ib 2200

1231 1(2,2)=6.48F-7
123? I(lip I)=).98E-8
12313 rC4#P)=6.?4E-7
1234 C114;I 2230
2,000 l'tINT "OPl1ME=? (O~bN))"

;2002 N-J111

P201 h Ur 3000

2026 GU;10 POOP
P03) PbijNI 'Pkts!. I Ilv'E=? (z.~

2034 11- I(,)<= I HEN 200o
P036 tP0'r.z k-A-j 0)* ~

0M 3 ~ Rb I t) I(b)

'Co0600 20u~ 39'00

P060 PkINI " !NPUf VPr1ON"

2064 INPUl (9#9)
2066 IF F(9p9)=P IHFrN 2014
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P068 PhIJ,. "CYCLE~iOP.Hk*=?tq
2070 INPUT F(9,S)
2072 (A0Jio 2080
20714 PkINI "(;YULES =? (=N
2016 JNPUJ 1(P)

2080O PkINI "(IIE? =END)"
2062 IN~ul 1cj)
2083 IF 1(1),c=o !MEN n0o
P084 IF F(9,9)=P TIAL( 2088

P09? GOSUP 3000

2096 IF I(9#9)=P THLN P014
2098 (0TO P080
2100 PH<NI "NO. CYCLES =? (O=SEND)ol
2102 INPUI T(3)
P104 IF 1(3),c= THEN ?00

2120 616 uP 3000
PIP? PRINT tUhINU 2,o"0,RbAOpO
PIPAi PkINT "No. rYCLLS=?"
2126 602I0 2102
2130 F-RINT "0frlIME=? (0=ENVlD
2132 INPUl 1(6)
2134 I i(6)-=Q IHEN 200
P136 I 1(b)c=A6 THEN P15P
2138 (6)=(T(6)-A6)?B6
21'40 k10FAi-c6)Fc6,P))
P142 k5EAPC-T(6),h (6,1))
2144 GOSUE 3000
P146 PkINI USIN6 2SR0IIkSPA0,I8O
2148 PRINT "1WPlIME=?"t
2150 G070 2132
2152 FkiNIl "RELIAPILITY1l (op.TIME-c12UA6ANfE.E)O-
2154 GiOTO 2130
P160 PkI1~1 '0PTIME=1 (0=ENLD)l
P162 INPUT Til)

P166 TC6)=fmli
216H R0~l
2170 R$~1
21,2P Ii' T(6)4=A6 THEN 2180
P114 1 (6)=( I(6)-A6) 'E6
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218O

2194~ 60SUR 3000)
2xS6 Pkifd, USING~ 2,kOpR,AO,FO

2190 G010~ 2162
PP0fl P1kINJ "MISSION 1IML=? (0=LNp)'*
P202 INPUl 1(4)
P204 IF' 'f4)(c=0 THEN POO
PP06 k=X(F42*()
PPOSfSEP0FAj*()
P2M 0SULP 3000
2222 f'kINI USING P,RO,R5,AOpPO
P2P4 PRINI "MIS ION ]IME~ell
PP26 LOTO Pp0?
P230 PkINF "INPUT OPI10N"
P232 PRINT "I= I.XEU CYCLI$,/MISSItl Htm., PSFPAIh*l'2234 INPUT F(9,9)
PP36 IF F(9,9)=P THEN P?44
PP39 tPHINi "CY;,LFS/mJ~qsC(N Hk.=to'
2240 INPUT F(9,8)

22Ae6 ItvPUJ J(2)
PP48 liJ(Pc)o= tHEN 200
2250 VIiNI #MvI$SIlON- lIM. =? (0:FN')"

26 iIF~ 3000oJh. ,)(
226 IF (9,9)=p ININ PPS8i'

P2PSH~ PS

PP60DjrN

PP66 INP' (9,)PI Npj,

2286 PINUJ 1(P)l lr0
P9 PM eIi\ "I= PIXED CYIME,(P. ,k. lIME ~tlifAi)
PP92 INPOI j (94,9()

2293 INPU (9*SI)1N 0

PP82 bUTO P29



PP94 IF F(9p9)=2 THEN 2298
2296 I(P)=F(9,k)*ICI)

230? (3C0SUB 3000
2304 PkINT USIN6 2,rN0pk5#A0.R0
2306 IF F*(9*9):p IHEN 2284
P308 6070 P290
2310 PRINT "INPUT OFTION"
P312 PRINT "1:F1XED CYCL!/UP.,k~PSP(kII
23114 INPUT I*(9P9)
232H IF' (99):? THEN 233t)
2 3 30 PlkINI "CYCLES/0P.Hk.:?l
2332 INPUT F(9*R)
2334 60TO 23-4?
2336 PkINI "CYCLE.Sz? (0xEND)'l

2340 IF T(2)<=0 IHEN POO

P344 INPUT 1(4)pI(1)
2346 IF 1(4~)4=0 r'HEN ?00
P348 IF F(9,9)=P THEN 235?

P354 RO=EXP(-k0)

23hg k5=LXP(-kb)
P360 (iOSUB 3000
2362 PkcIN1 USIN6 2#k0*kt5,A0#h0
2364 IF F(9p9)=P THEN 9336
2366 G070 P342

P31? INVUI 1 (4) p I( I)
P314 IF f(4's0 IH*.N 900

23HO0640SLITB 3000
2382 PkINI 2,Ik0,NbA0,R0
2384 Wolo1 2370
P400 Pk INT "MIS!,IkON I IME=:? (0 =END)"

P404 I )(4)-sQ THE.N POO
P406 1(6)=1(4)

0410 k'x1

9414 l(6)x(1(6)-A6)t46
2416 k0:EXP(-7f(6)/F (6p2))

11-26



2420 kO=RO*EXP(-F(A,2)*1Ch))
2422 RSFkb*EXPC-F(4pl)*T(4))
2424 UOSUR 3000
2426 PkINT USINGi pHnpkb.A0,P0
2428 PF<INI 'mISSI(ON TIME=V'
2430 GOTOe 240P
P440 PS I N T " I NP UTIV PI I ON"
2442 PkINfI=F)XE1) CYCLU:/OP-HRo., P=SEPARATE"
2444 INIJU1 F(9*9)
2446 IF F(9p9)=P THEN P454

2448 FkINT "CYCLES/OP.HR.:?l"
24t50 INPUT FC9p8)
P45? 60Wr P460
2454 PK<TNF "YLS (O~b.ND)"
24b6 INPUT f(2)
P458 IF. f(P)<z0 THEN 200
2460 PRINT 'kPrIME=? C0=END)"
2462 INPUIl (I)
2463 10 1(1)4=0 [HEN P00
P464 IF' F(9*9)P ITHE, 246S
2466 1(2)=F(9,R)* l(I)
P469 1 (6)=(T( I)-A6) ?P6

2470 5F91)EP-~(, *()1(/C~1)

2444 GO!bUE 3000
P476 PtRINI U.SING Ppi OpkbpAOPHO

PA 19 IF PH9s9)=P IHEN P4,4
2480 G60Tk 2460

4 9500 PMINI *'INtlJI lotilON"
2502 PkcJNT "1:HIXED CYCLE',/OPeHkep P=SPAkA1Ek"
2')04 INPUT P (9p9)
2506 IF F(9*9)=P THFE,N 2514

Pt)0 Fl PfI4NT llCYCLL.S/0,P.H .es"
2510 INPUT F(9#H)
22 pb~ 25p0
P514 PkIIi "CYCLE;S=? 0=EFND)",
2516 INPUT 7(2)
P518 IF T(P)<=o WEN 200
P5?0 PRINT "(6PIM~:? (0zENIJ)"
2t2PP INPUT 'f(l)
2!)23 1 T(1) c= THEN 200
P524 11 F(9p9)=P THEN 252$

P5PX I (6)=(I(I )-A6)tES6
2530 l(P)ci(2)t86

2536 bloSUEP 3000
2538 PkINT USING~ 2pHOsNb,AfOK)
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2540 IF F(9,9)=2 iHEN P514
PS42 GOT P520

2552 INPU't 1(2),1(3),.I(t)
2!! 3 IF 71)<=O HEN P00

P38IF~ 83=0 1HEN P56P

2563 i5A'-I2/C,)-()F13)
2564 60SLJH 30011
Pt566 PkINf UZIAG PpfrOHbAflHO
p!568 (ibo10 25501
2'380 PINI "INPUJ OPHWN"

?')96 IF 1(999)=? [HFN 2594

2:!90 INPUT F(9*h)
P259? Go1o 2600
21594 PRIMt "CYCLE., at (0:E.ND)"I
21596 INPUTI1(2)
P 98 IF 1(2),c= THEN' POO)

2603 DI 1(4)<=O ]HEN POO
P604 IF 1(9,9)=2 JHLI\ P08

2608 1(2)z1C2)?H&
26f 12 r( I)=l I1148

2616 R~~(T3/.11-()1(.)
2618 G0SUS 3000

2622 IF' I(9.p):P IPI'A\ 2594
P624 U010 Pb00

2640 PJkINT I0P.IXED "

2644 INPUT P(9o9)
2b646 IP F9..9).=2 IHEIi P61.),4

?650O IN)-ul P. (9,8)
?652, 6010~ 2660
P65)4 PkdNI T C~=(lN)

265)6 INPUT I(?)
P658b II. 1(2)-0 II~ 2C00
V660 Pk INT ,w, i ! MI. =? (n=END)
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P662 INPUT TM1
2664 IF1~ (1)<=O ]HF.I, 200
2666 Ii (9#9)=2 IHEN P670

2672 F5EP ~(~ * jj

2674 Y(I()1(I? */ /2
2676 UIO5UB 4000
P678 hO~kO*Y9

2682 be0SUB 4000
26H4 Iib*5*Y9

P6F8 GOSuH 4000
P690 IiOsHo*Y9
269P Y~s(I(l)-F(2,1))*3/F(Pp1)
2694 bI0$UF 4000
2696 tKS:,!b*Y9
269H bk2SUB 3000
2100 PHINI USING P~h0,FbsAOPR0
PI/02 Ul F(9s9)xP fH*N P6b4
2704 GOTU 2660

'l I P INPUl [(4)
P714 IF T(A)<=0 THLN 200
2716 tOzEXPC-CF ('i,)*7(4)))
2718 kbEXPC-(F(4p I)*1 (4)))

2722 Gi0SUIb 4000
2124 F<O=RO*( i-(l-Y9)*F(9pP))
2726 kb~kb*fl( I-Y9)*0 (9p1))
212$ IF b~9=0 IHEN P14P
P130 IF 89=2 IHIy P/38
2732 kO0ht.2*EXP(-( (P#2)*1C4)))

P136 bWhU 2142
2738 k~ck0t.4

2142 Uk1SUb 3000
P744 PIN1 WAING Psih0,,5,A0,PP
P746 G&OT( 9710
P'050 PHIN1 "MISSIO~N rIME 10 llt (kI=NV
2152 INPUT ((I)
?1b)4 1 I)"=0 IHi!N 200
2156 YI:(L~b(i'( ))-LWi(F(/.P)))/.3991
P159 (AOSUER 4000
2760 Ik(WY9
P762 YI=(Lkit(1(1))-LOG(F (7.1 )))/.3991
P164 b~bUB 4000)
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P766 kS=Y9
276F G(OSUB 3000
2,170 PttlNI USINU, Pok0ok5,tA0,po
2772 FRINI "MISS- TIME=?"
2114 GOT 275P
2810 PkINI "IWP.PULSES=?(0=END)l'
2812 INPUT 1(P)
P813 IF 1(2),'zO THEN P00

2616 GOSUB 4000
2818 k.OXy9

28?? GO,3$UB 4000
21424 k5aY9
2826 F0R*X(((,)jp)

P830 GOSuR 3000
283P PRINT USINGi PpIe0,,,PA0PP
9834 6010 2810
2860 PRINT "MIS,I0N IIMF,OP- lIME (ifv-J '=0zbNi8"
2862 INP~l I(4),1(1)
2864 IF' 1(4)-C=0 IHLN POO
P866 F~mAF~(IF(I P)*( In )-1(4)))
2 86 I k5zD(P(F (Jai )* (1(1)- 1(4)))
P8,10 GOSUH .3000)
PH'/? PkdNT USloq(-, .9ui-,0!,~A0aP0

Pb16 G010 286P
3000 I (L(l0)/Lla6()))<= THEN 3004

3002 I SO.*$9146 IHFEN 3100
3003 6010J 3010
3004 IF RO0vkR, IHLN 300!
3 CIO Ptv1N1 UI. EbAkv ALPH~sPFIA"
:3006 (i010 3210
3007 PRIN1 "PkVt;RAM Efr O Of, TAIL IKEVEALlko0rtS"
3008 PRINI "-hY VALUE CLI0,sEk [0~ MEAN LIIh"
30,)9 io')10 3 10n
30 1 1" P~z.6A6/(l.Q6C$0)..b46)-*1.21634
3012 IF 80c-*9i IHEN 306~8
3014 IF BO<-.P THEN 30P0
3016 Pio.4b*e-'(11
30,M4 GwfoI 3090
3020 IF SO-.3 THEN 3030
3022 MO=.n9-*5*(s0+*2)

30P4 611 3090)
303010 HOC-.4 rHE-N ,jn40
3032 M0.14,.5-I'*(E40..#3)
:4034 6010 3090
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3040 IF 80'-.5 THEN 3050
3042 M0 * 19/ - .6 /5*(R0O .4)
:3044 GOTO 3090
3050O II. B<-.6 IHEN 3060
3052 M0=?6!5-*7*(b0+*5))
30.54 60O 3090
3060 IF B0'-.1 rHFN 301/0
306P MO=.335-.9*(PO+.6)
3064 6040 3090
30(-) PK I NI "ALPHA AF'PNUX OULS II ONPLE"
,3070M=45-1.o'5*(P0+9.g)
3074 60-210 3090

3090 AO:~-/M)1

.309 4 6010 3210
3100 l0=(,S0/.h999)t?(-l /.46RP)
3101 Ip i0'1 IH N 1104
310 1- U:.1*L()
3103 6010I 310.5
w14 L=*1

3103 zL=10
310b 10 1'<x THEN 310?
:110 o.)UH 3300
3112 IF APS(,530)<=.ooon0 IHEN 3200

311- SP =S2l
3116 Z1:Z0-D
318 1~ IF . F 99*( 1 4(.6FP 8 Z I * 1 13 (Z( *2/I f 5))>!St1

IHE I1i0
3120 (6JSUB 3300
312P IF A~lS>(.3-S0)'.00005)W MEN 3200
31P4 IF S3>SO IHiN 3130
31216 Z0=Zl
31pb bok) 3116
3130 Lz *1 *
31:3? IF~ IJ.000r2 lHLN 3200
3134 UWTk; 3116
3200 A0=49
3202 HO=Z1
3211KE ~Fumy
3304) L(*5C1.).)(* -~)
3302 S~l41-)C(*1- *1-1+)

3303 IF S3<=0 1HFN 33P0
3304 SSt.V3(~.)
3306 S3r.S3*.FiR99(ll(.*469P))
3310 i'tJ'rN

3132P btOIO 99999

40)00 Yh=SbN(lI)

4~00I1i hkI(Y )' HEN 401f)
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4002 Y9=..,-yH*. 4 9 o9 9 9 9 94003 PF'INI '1,APP ,Ux. NV1HM P'Nopf.
4004 P JIr'~ YI,y9
dl ()~J 61 405f0
4010 Y9=1
401P liI
4014 Yj=1

4022 Y9=Y9.Yb
4024I IF' AP S(Y6) c.000OI lHEN 404e0
40J?6 1=1+1
49PH IP I a(' JHE N 4fljjf)

40P9 1=Y7*r
4030 U~iO 4020
A040 Y ,-k y *R',Y

9999k PrAI[ "No ,U(,h (c ,pN~ivj",
99999 ENI,
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Table 9

Alpha Numeric Component Code Listing

COMPONENT COMP 1 EQUATION

1. Gimbal Thrust Vectoring
1.1 Lower Support LS
1.2 Upper Support US
1.3 Linear Actuator LA
1.4 Motor and Gearing MG

2. Bladder, Mercury BB

3. Fill Valve, Pressurized FVl
System

5. Pressurized Tank
5.1 Whole Tank TT
5.2 Propellant Reservoir PR
5.3 Pressurant Tank PT

6. Vaporizer VC
6.1 Vaporizer Clogged VL
6.2 Vaporizer Leakage

7. PCC Switch
7.1 Fails Active SA
7.2 Fails Passive SP

8. Propellant Feed Lines FL

9. Cathode, hollow HC

10. Isolator II

11. Neutralizer Isolator NI

12. Neutralizer Vaporizer NV

13. Neutralizer Cathode NC

14. Discharge Chamber, Kaufman DC

15. Vaporizer Heater VH

16. PCC Failure, Mercury Ion MPC

11-33



COMPONENT COMP 1 EQUATION

17. Line, Tank or Valve HLTV
Heater

18. Unpressurized Surface mension. USTT
Tank Cesium

19. Discharge Chamber, MESC type, MESC
including TVC

20. Neutralizer Probe NP
Cesium Ion System

21. PCC, Cesium Ion, MESC CPC

Type

22. Vapor Valve Cesium

22.1 Fails Part Open VVP
22.2 Fails Open VVO
22.3 Fails Closed VVC

23. Trapped Gas in Cesium TG
Tank

24. Prope.lant (Cesium) PCTL
Tank Leakage

25. Vapor Valve Heater, (also VVH
Vaporizer Heater

26. Fins Unwetted FU

27. Propellant Storage PSB
Bellows (Colloid)

28. Fill Valve, Colloid FV2

29. Filter, Colloid
29.1 Clogging FCC
29.2 Leaking FCL
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COMPONENT COMP 1 EQUATION

30. Propellant Flow Control
Valve, (Ball Valve) Colloid
(Ball Valve)

30.1 Leak to Space BVL
30.2 Ball Valve Closed BVC
30.3 Ball Valve Fails BVO

Open

31. Zeolite Cannister Failure ZC

32. System Manifold, Colloid SM

33. Control Bellows, Colloid CB

34. Colloid PCC CPCC

35. Colloid Thruster Module CTM

36. Colloid Thruster Frame CTF

37. Electrofluidic
Isolation Valve

37.1 Electrical Failure EIV
37.2 Fluid Failure FIV

38. Filament Neutralizer FNC
Colloid

39. Main Capacitor, Pulsed MCPl
Plasma

40. Negator Spring, Pulsed NS
Plasma

41. Main Electrode Failure, ME
Pulsed Plasma

42. Control Logic, Pulsed CL
Plasma

43. Low Voltage Converter, LVC
Pulsed Plasma

44. High Voltage Converter, 1iVC
Pulsed Plasma

45. System Power Converter, SPC
Pulsed Plasma
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COMPONENT COMP 1 EQUATION

46. Sense Circuit Pulsed SC
Plasma

47. Initiator Plug IP
Pulsed Plasma

48 Pulse Buffer Failure PB

49. Isolation Valve Solenoid
Type, Normally Closed
or Latch Valve

49.1 Fail Open ILVO
49.2 Fail Closed ILVC
49.3 Fail Partial ILVP
49.4 Fail Leak to Space ILVL

50. Regulator
50.1 Fails or Biased Low RBL
50.2 Fails High or RHO

Oscillatory

51. Check Valve
51.1 Fails Open CVO
51.2 Fails Closed CVC
51.3 Fail Partially CVP

Open/Closed

52. Engine Valve
52.1 Fail Open EVO
52.2 Fail Closed EVC
52.3 Fail Partial EVP
52.4 Fail Leak to Space EVLS

53. Bladder/Diaphragm
53.1 Elastomerics
53.1.1 Fuel
53.1.1.1 04Mission Times2.5 yrs BEFI

53.1.1.2 Mission time>2.5 yrs BEF2

53.1.2 Oxidizer

53.1.3.1 OsMission Timeil.5 yrs BEO

53.1.2.2 Mission> 1.5 yrs BEO2
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COMPONENT COMP 1 EQUATION

53.2 Metallics
53.2.1 05Mission TimeZ5 yrs. BMI

53.2.2 5 yrs:Mission Time-l0+ yrs. BM2

54. Filte7, Thermochemical
System

54.1 Leaking FTL
54.2 Clogging FTC

55. Heaters, External 
HET

Thruster

56. Injector (including Trim
Orifice)

56.1 Plugging 
IMP

56.2 Fracture 
IMF56.3 Injector Seal Leak ISL

56.4 Injector Braze IBF
Failure

57. Catalyst Bed
57.1 Pulse Mode CBP57.2 Steady State CBS57.3 Dormant 

CBD

58. Thrust Chamber, Mono- TCM
prop

59. Thrust Chamber Bipro- TCB
pellant

60. Relief Valve 
RV

61. Heater, Thruster 
HTI

Internal

62. Thruster Screens and Re- TSR
tainer Electrothermal

63. Explosive Isolation Valve EIV2

64. Burst Diaphragm 
BD

65. Surface Tension Fins Un- STFU
wetting
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BETSBI Program Listina

Is SUBSYSTEM EVALUATION
2 PRINT "RUN IN DOUBLE PRECISION"
4 S8so
5 59"0
10 PRINT "TYPE OF INPUT(I-PARAM,2NMEAN&VAR)I.
12 INPUT SI
14 PRINT "HOW MANY COMPONENTS?"
16 INPUT N
18 PRINT "INDEPENDENTal IDENTICAL*2"
20 INPUT S2
22 PRINT "SERIES.: REDUNDA0IT82"
24 INPUT S3
26 PRINT "VALUES"
28 IF S1n2 GOTO 44
30 IF 522 GOTO 40
32 FOR Ii Te N
34 INPUT AI)#B(1)
36 NEXT 1
38 69T8 70

40 INPUT A(I),B(I)42 SOTO 70

44 IF S32*2 GOTO 64
46 FOR lel TO N
48 INPUT EIE2
50 6ISUB 300
60 NEXT I
62 GOTO 70
64 lis
66 INPUT EriE2
68 GOSUB 300
70 IF 31-2 GOTO 76
71 If 32&2 GOT 90
72 IF NI GTO 90
74891 11.911 f11.1
76 PRINT
78 PRINT "COMP, ALPHA BETA"
80 PRINT
S1 FOR lei TO N
82 IF lei GOT@ 84
83 IF S2.2 SOTO 87
84 PRINT USING ?4#IDA(I)O(I)
85 IF A(I)dI00 GOTO 87
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86 PRINT AME)
87 NEXT I
88 PRINT
90 IF Su2 6070 92
91 IF $3sl GJTO 100
92 IF S201 GUTO 94
93 IF S3xl GOT@ 104
94 IF S2"2 GUTS 96
95 IF S3=2 GOT@ 108
96 GOSUB 400
98 GTS 110
100 G6SUB 500
102 GOTO 110
104 GOSUB 600
106 GTS 110
108 GOSUB 700
110 I-N+I
112 BiSUB 302
148eae0#e 000000 .cue *eee .e#eef
16 PRINT "SUBSYSTEM"

118 PRINT "ALPHA BETA E(P) E(P*P) v(P)"
120 PRINT
122 PRINT USING 114#A(N*I),B(N#)vEIE1E2-Elf2
123 IF A(N+1),1000 GUTS 125
124 PRINT A(N I)
325 PRINT
126 PRINT
130 IF $9"0 GUTS 150
3 EI,(A(N I)41)/(A(N+I )+B(N+I)+2)
134 A(N+1)8(2*E3-))/(I-EI)
136 Eg=EI*(A(N!).+2)/(A(C401)+3)
136 B(N+I)nO
140 S980
142 PRINT
144 PRINT "IF NEGATIVE SUBSYSTEM BETA NOT ALL9WED"
146 GUTS 116
50 IF S80 GOTS 990
159 FOR I|3 TO N
154 IF B(I)PNO GOT@ 164
556 E1"CA(IAM1)/(A(I).B(I).2)
356 A(I)s(2*tE-1)/(1-El)
162 B(I)aO
164 NEXT I
166 PRINT "IF NESATIVE BETA NOT ALLOWED"
168 PRINT "NEM CIMPiNENT VALUES"
170 S8,0
17 PRINT
174 PRYNT "CBMP. ALPHA BETA"
176 PRINT
178 FOR 11 TO N
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180 PRINT USING ?4v1*A(1),B(I)
182 IF A1)3I00 GOTS 186
184 PRINT AC!)
186 NEXT I
188 PRINT
190 GTO 90
300 E2uE2+E3?2
302 CuEg/EI
304 B(I)uC3-C)*(E)*I)/(E3-C)*
305 IF BqCa(-I) GS 330
306 ACI)UCB(!)+1)*EI/(3-CI)-1
308 IF B(1)'u0 GUTS 314
309 IF IbN GUTS 312
310 M8-1
3311 GUT 314
312 S9m3
314 RETURN
330aBETA(ftU) ILLEGAL
332 PRINT USING 330*1
400 6Sm
402 62a1
404 FUR lal TF N
406 GaGI*(BC,+I)/CA(I)+B(i)+I+I)
408 G23G2e(B(I).2*I-1)/(A.1).3CI),2*I)*CB(t).2*I)/(A(l)

BC!I)*2*1,I)

410 NEXT I
412 £1.1-G
414 C2eI-2*GI.62
420 RETURN
500 Glut
502 o21
504 FUR 181 TO N
506 GIsGI*(A(I1+I)/(ACI)*B(!).2)
508 G2mS2*(A(ID,2)/CA(1)sB(I).3)
510 NEXT I
512 EI8GI

514 E2-6*6e2
520 RETURN
600 Gl
602 62=1
604 FOR lul TO N
606 GIuGI*(A(1).I)/(A().DB(I).I*I)
608 G2ulg.CA(1).2*I)/C().8CI).*I)t(AcI).2*I-I)/(A(I).

610 NEXT 1
612 claGI
614 E2G62
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620 RETURN
700 Gist
702 G2*1
704 FOR Jl TB N
706 G.I(()I/AI.()2
708 G2nG2*(B(R),2)/(A(I).B(J)*3)
710 NEXT 1
712 EI-al.GI
714 E2*1-2*61+61*62
720 RETURN
990 END
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BETSB2 Program Listing

100 PRINT "N4-Gr-NINDEPENDENT"
110 PRINT "RUN IN DOUBLE PRECISION"
120 Soso

130 $9=0
140 DIM A(21)DB(21)vU(21)#Z(21)
142 DIM HI50D21)
150 PRINT "TYPE OF INPUT(I1PARAM*29MEAN&VAR)"
160 INPUT SI
170 PRINT "HOW MANY COMPONENTS?"
180 INPUT N
190 PRINT "HOW MANY REG'D?"
200 INPUT S3
202 PRINT "SAME PARAMS?(1lYES#O=N@)'
204 INPUT 34
210 IF S4*1 THEN 4000
222 GOSUB 1610
224 IF L1150 THEN 230
226 PRINT "RESET DIM AT 142"
22"7USIN6 #00 TO REPLACE 150
228 PRINT USING 227.LI
229 69TS 9999
230 PRINT "VALUES"
240 IF S1=2 GfT* 330
260 FPJR l1 TO N
270 INPUT A(I),B(I)
290 NEXT I
312 PRINT
320 QSTS 470
330 PRINT "COMP. ALPHA BETA"
332 FOR Il TO N
334 INPUT £E1E2
350 GOSUB 1200
356 PRINT USING 390&IA(I),B(I)
358 NEXT I
360 PRINT
390iff to.o##g ##.eae,
470 Et1O
480 E2-O
490 GOSUB 1820
S0 GOT 900
510 lmN.l
520 "SUB 1200
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5303 f*te# e0.eeee .euee#### .*##eee#0 *ueueeuee

540 PRINT "SUBSYSTEM"
550 PRINT "ALPHA BETA E(P) E(P*P) V(P)"
560 PRINT
570 PRINT USING 530eA(N*I)vB(N*t)#EI.E2sE2-Et2
580 IF A(N I)4100 GOT* 600
590 PRINT A(N+1)
600 PRINT
610 vRINT
611 IF BCN I)*80 THEN 9999
620 IF S9o 64TO 710
630 Eia(A(N+I)+i)/(A(N+1)4- 94+)2)
640 ACN+I)w(2*EI-1)/(t-EI)
650 E2SEl*(A(NI)+2)/(A(N*I).3)
660 B(N I)RO
670 59w0
680 PRINT
690 PRINT "IF NEGATIVE SUBSYSTEM BETA NOT ALLOWED"
700 GIT$ 540
710 IF 58w0 THEN 9999
720 FOR lt TO N
130 IF I(1)*mO GOT§ 710
740 E1a(A(I)+I)/CA(1)+B(I)+2)
150 A(I)a(SEI-I)/(I-EI)
760 B(I)=O
710 NEXT 1
772 PRINT
780 PRINT "IF NEGATIVE BETA NOT ALLOWED"
790 PRINT "NEW CIPOINENT VALUES"
800 580
810 PRINT
620 PRINT "COMP. ALPHA BETA"
830 PRINT
840 FOR Il To N
650 PRINT USING 390DA(I)*B(I)
860 IF A(1)4100 THEN 880
670 PRINT A(I)
8678 NEXT I
860 PRINT
890 GITS 470
900 FOR Ilt TO LI
910 D3.1
920 04al
930 FIR K2uI TO N
940 IF HI.K2)'.S THEN 980
950 D3uD3*(A(Kg)*I)
960 D4oD4*(A(Kg)*I)*(A(K2)*8)
970 OITO 992
980 D3uD3*CB(K2)41)
990 4uD4*(BK2)*(S(KB)42)
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999 D3nD3/CACK2)+BCKg)+B)
994 04304/((A(Kg).B(K2).1)*(ACKg)*BCKI)*3))
1000 NtXT K2
1010 El=El+D3
1020 E23E2+D4-D3t2
1030 NEXT 1
1050 FOR Ist TO L-.999
1052 FOR J=Il! TO LI*.01
1054 D21l
1056 03=1
1056 D4n1
1060 FOR K2nl TB N
1070 F9=H1.Kt)ICJ*X2)
1071 GOSUB 1400
j072 NEXT K9
1050 E2=Eg+g*(D2-D3*04:
1082 NEXT J
1090 NEXT I
1100 Berg 510
1200 E2=tg+Eltg
1210 C*E2ZE1
1220 Iu-C*E-)ESC1
1230 IF DCI)qu(-1) GITO 1310
1240 AIaBl*)E/1E)
1250 IF 9(1)lou0 GMT 1300
1260 IF I-vN GOT@ 1990
1270 S8al
1260 GOT@ 1300
1290 S9w1
3300 RETURN
131OIBETACGDE) ILLEGAL
1320 PRINT USING 1310.1
1322 BITS 99
1400 IF F9495 THEN 1450
1410 DguDS*(A(Kg)+1)
1420 If r941.5 THEN 1450
t430 0gDtDIC(2)+2)

,,i$40 GOT$ 1460
1,450 D2=Dg*(B(KB)41)
140 IF rgb.*s THEN 1460
1470 DguD2*(S(K2)*g)
1480 D2sD2/C(A(K2),B(K2).2)*(A(KU)*S(Kg)*3))
1490 If HCI#Kg)4*5 THEN 1510

F 3500 D3mD3SCA(K2)+1)/A(K2)+B(K2)+2)
1510 BGM 1530
1520 DSUD3*CB(Kg)*3)/(A(kg)+B(Kg)*g)
1530 IF H(J*KR)4*5 THEN 1540
1540 D4mD4*CA(kg)*))/CA(Kg)*B(Kg)*g)
1550 GOT@ 1570
1560 D4w04*(B(Kg)+1)/CA(K2)*BCKg)*2)
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1570 RETURN
1610 DiI
1611 List
1612 IF N-S34.99 THEN 1740
1613 ZCi)u1
1614 L1sN.I
1615 Z(2)wN*1
1616 IF N-S3'1.99 TOEN 1740
1615 FIR Xw2 TO N-S3 *OI
1620 Dial
1640 FIR D2X 1 TI N*.O1
1650 D1wD1*D2
1660 NEXT D2
1662 IF N-X42 THEN 1720
1670 FOR D2u2 TI N-X .Ol
1680 DtuD1/D2
1690 NEXT De
i720 LIuLI*DI
1726 Z(X*I)nZ(X) DI
1730 NEXT X
1740 RETURN
1620 FOR 1u2tN-l TI 0.99 STEP -I
182 SVal
1824 FOR JuN TI 1.99 STEP -1
1825 UCJ)w0
1826 IF ST72t(Jl-)-,l THEN 1832
1828 U(J)uI
1830 S7wS7-2t(J-l)
1832 NEXT J
1633 U(I)*O
1834 IF S7499 THEN 1840
1836 U(1)=I
1640 K1O
1642 FOR Jul TO N
1844 KIuKI U(J)
1646 NEXT J
1647 IF K14S THEN 1856
1848 IF N-KI41 THEN 1858
1850 ZCF-AI)nZ(N-KI)+I
1852 FOR Jal TO N
1854 H(Z(N'K)&J)uU(J)
!856 NEXT J
1858 NEXT I
1860 FOR Jul TI N
186 H(IiJ)al
1864 NEXT J
1880 RETURN
1900 H(KI*Kg)*O
1910 IF K23KI°OI THEN2Oo
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1912 IF Kid.99 TNEN2020
1920 HCXt.Ke)ai
1930 IF ABS(K1-K2 ).*01 THEN2020
1940 IF K142.99 THEN 2020
1950 FOR K3u(KI-K2.l) 79 KI-*99
1960 H(Kl*X2)zH(K1,K2)*X3
1970 NEXT K(3
1980 IF K2c2.99 THEN 2020
1990 FOR K(3=2 TO K2-*99
2000 H(K1.K2)aH(Kl*K2)/K3
2010 NEXT K(3
2020 RETURN
3000 E1u((ACI)+1)/(A(I).BCI)+2))'N
3010 E2a((A(1),1)*(A(1)e2)/(A(1).B(1),e)/(A(I).BCI),3))'N
3020 E2wE2-EI'2
3030 IF Lli 41 99 THEN 510
3040 FOR Xu1 TO N-S3+*01
3050 D3uC(A(1)e1)tCN-X)*(B(l).1)tX)/(A(1)*BCI)*2)tN
3060 D4=(CACI)t1)*CA(I)+g))t(N-X)
3070 D~uDA*((B(1 )*I)*CBC1)+g))'X
3080 D4aDA/((ACI).B(l).2)*(A(1)*S(l)*3))'N
3090 D4uD4-D3t2
3100 E1311+D3*(ZCX*1)-Z(X))
3110 E2=Eg*DA*CZCX*1)-ZCX))
3120 NEXT X
313C FOR IrnO TO N-S3-*99
3140 k1uN.1
3150 Kgal41
3160 6ILUB 1900
3170 FI*H(KI#K2)
3200 FOR JuIl TI N-S3'.01
3202 KlftN,)
3210 KgOJ'1
3220 GOSUB 1900
3230 FgnMHKI*Kg)
3240 D4n(AC1)+1)fCN-J)*CB(1).l)#J
3250 D4004/(A(I)+8(1)+2)1(2*N)
3260 Da4C( , tNf*BI)l)'
3270 E2=Eg-2*F1*Fe*DA
3260 FOR F3w0 TOI 1..l
3290 1(1.1.1
3300 X2aF3+l
3310 GISUB 1900
3320 F4nH(KI .K2)*F1*Fg
3330 If F34999 THEN 3370
3340 FIR 1(1st TI F3+*l
3350 F4nF4*(J-KI*l)
3360 NEXT 91
3370 IF I-F34*99 THEN 3410
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3360 FOR Kiwi TO CI-F3+*i)
3390 F4asF4*(N.J-K I+ I
3400 NEXT KS
3410 IF~ 1(099 TNEN 3450
3420 FOR Kiwi TO I..O1
3430 F4mF4/(N-KS.1)
3440 NEXT KI
3450 D01S
3460 IF F3.*99 THEN 3480
3470 D4uD4..(AB(I)+I)*(B(1).2))tF3
3480 IF (IiJ-R*F3)4.99 THEN 3500
3490 D4aD4*((A(5)*i)*(B(5)*I))?(JJ-2*F3)
3500 IF (N-I-J.F3)4*99 THEN 3520
3510 D4nD4*(CACI).1)*(A(i)+2))?CN-1-JF3)
3590 D4wD4/CCA(1),BCI).2)*(A(i)*B(I).3))tN
3530 EC2mE242*F4*D4
3540 NEXT F3
3550 NEXT J
3560 NEXT 1
3570 FOR 101 TO N-S3**0i
3580 K1*N~i
3590 K2*I4
3600 GISUB 1900
3610 F~wHCKi*Kg)
3615 FOR P3.0 TO I-.99
3630 KiwI~i
3630 K2uF3+1
3640 OSUB 1900
3650 F4aFS*H(Ki.K2)
3660 K1aN-l~i
3670 K2uI-F3+1
3672 IF K930KI THEN 3600
3675 GI3UB 1900
3660 F4aF4*H(Ki&Kg)/2
3690 DuAi*)(-)(()1'
3700 D3x(D3C(ACI)+U(i)+2)tN)f2
3710 tgoE2-2*F4*D3
3720,D4wC(B(i).1)*(S(i)#2)) tF3
3730 DS4(A14)C()I)(*IF)
3740 D4mD4*(A(I)*1)*(AC3)*2))t(N-g*l.F3)
3750 D4uD41((A(t)4BIi)*2)*(A(1).B(I).3))tN
3760 E~aE2+2*F4*D4
3600 NEXT F3
3010 NEXT 1
3620 GMT 510
4000 PRINT "VALUES?"
4002 IF Slug THEN 4030
4010 INPUT A(i).1C1)
40110 GMT 4110
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4030 INPUT EI*:2
4040 1a
4050 6SUB 1200
4060 PRINT "ALPHA BETA"
407020##D*uu #ei,####
4080 PRiMT USING 4070A(l)#B(1)
4090 IF A(04100 THEN 4110
4100 PRINT AI)
4110 GOSUB 1610
4120 G6TO 3000
9999 END
READY*
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BETSB 3 Program Listing

I PRINT "m-UT-N IDENTICAL"
2 PRINT "RUN IN DOUBLE PRECISION"
4 s8"0
5 S9-0
I DIM A(21),B(21)
S DIM HC00uIO)
10 PRINT "TYPE OF INPUT(I"PARAM.2uMEAN&VAR)"
12 INPUT 31
14 PRINT "HOW MANY COMPONENTS?"
16 INPUT N
22 PRINT "HNSW MANY REQ D?"
24 INPUT S3
26 PRINT "VALUES"
98 VI1"2 THEN 64
32 NPUT A(I),B(1)
38 f*T976
64 =I
66 INPUT ElPE2
68 GISUB 300
70 PRINT "ALPHA BETA"
72 PRINT USING 74,A(I)#B(I)
745000.99990 #99.9999
76 PRINT
100 Elmo
102 £2"0
104 GITO 204
I10 ImN+!
112 G6SUB 300
114ett0.t00 e 0 .099f .99999199 ,eee e .999E9999
116 PRINT "SUBSYSTEM"
118 PRINT "ALPHA BETA E(P) E(P*P) V(P)"
120 PRINT
122 PRINT USING 114,A(N+I)*B(N*1)*EI#E2E2"Elt2
123 iF A(N.I)1000 GOTO 125
124 PRINT A(N+I)
125 PRINT
126 PRINT
130 Ir 59m0 THEN 150
132 tI-(A(N*I)*1)/(A(N*I) B(N+I)*2)
134 A(NI4)-(2*Ei-l)/(I-EI)
136 Eg=EI*(A(N+I)*2)/(A(N+I)3)
138 B(N*I)uO
140 S9"o
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142 PRINT
144 PRINT "IF NEGATIVE SUBSYSTEM BETA NDT ALLOWED"
146 GOTO 116
150 IF S~zO THEN 9999
152 FOR Iat TS N
154 IF B(1)3,80 GOT@ j64
156 Ein(A(I)4I)/(ACI)+B(I)42)
158 A(I)x(g*f1-I)/(l"E1)
162 BCI)S0
164 NEXT 1
166 PRINT "IF NEGATIVE BETA NOT ALL$WCD"o
168 PRINT "NEW COMPONENT VALUES5"
170 35=0
172 PRINT
174 PRINT "COMP. ALPHA BETA"
176 PRINT
118 1I
180 PRINT USING 74*IA(I)&B(I)
182 IF A(1)41000 THEN 168
184 PRINT AMI
188 PRINT
190 GOTO 100
19319
198t9t
204 FGR 1=0 TO N-S3+*01
206 KISN41
208 %9KI+1
RI0 GISUB 1900
212 V4xH(KI.K2)
214 GOSUB 1000
016 EISEI.F4*DI
216 GGSUB 1200
220 E2wE9*F4*(D2-0I '2
e22 IF 14*99 THCH C36
224 Kiara,)
926 I(2w3
230 GOSUB 1900
932 F4nH(KI#Kg)
234 E2uC242*F4*(D2-DI 12)
236 NEXI I
23 FOR IlaG TO N-S3-*99
240 mixN*I
249 KeolI.I
944 GOSUB 1900
246 FS*HCKl#K2)
246 lull
250 GesuB 1000
252 D3PDI
254 FOR 12.11'! TO N-S3+.01
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256 KlmN+I
256 K2nI2 1
260 GOSUB 1900
262 F4xH(KI.K2)
264 1.12
266 GISUB 1000
268 D4uD3*D!
270 D2sD!
272 FIR Klxl TB N-11+*01
274 D2UD2*(A(I)#N-12KI)
276 NEXT KI
278 IF 114.99 THEN 286
280 FOR Klxl TO l *01
28e DuD2g*(B(I)+12+KI)
284 NEXT KI
286 FOR K11 TO N
288 D2mD2/(A(I)+B(I)*N+KI*1)
290 NEXT KI
292 EgnE2+2*F4*F5*(D2-D4)
294 NEXT 12
296 NEXT II
298 GOT@ 110
300 E2.E24Et'2
302 CUE2/EI
304 B(1)-C1-C)*(11-I)/CEI-C)-!
305 IF B(I)40(-I) GT 330
306 AC1)mCB(1)4I)*Z'(1-E1)-I
308 IF B(I)u-O GOT@ 314
309 IF IN GIT 312
310 S8&I
311 GOT 314
312 59mi
314 RETURN
330tNETAC(00) ILLEGAL
332 PRINT USING 330.1
334 GOTO 9999
1000 Dial
1010 IF 1.99 THEN 1050
1020 FOR KIwi TO I,01
1030 DImDI*(B(I)+K1)
1040 NEXT KI
1050 FOR Kiwi TO N-I+*.O
1060 DIuDl*(A(I),KI)
1070 NEXT KI
1080 FOR Kiwi TO N
1090 DlxDI/(ACI)*BC)+KI l)
1100 NEXT KI
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1110 RE URN
1200 D2:1
1210 IF 14.99 THEN 1250
1220 FOR Kiwi TO 1..01
1230 D2aD2*(B(I)+2*KI)*(B(I)+2*KI-!)
1240 NEXT KX
1250 FOR Kiwi TO N-Ii.OI
1260 D2•D2*(A(I)+2*K!)*(A(1)+2*K1-1)
1270 NEXT K
1280 FOR Kin) TO 2*N.01
1290 D2mD2/(A(I)+B())*K1+I)
1300 NEXT KI
1310 RETURN
1900 H(KIK2)O
191(: F K2"KI THEN 201.0

1912 IF K14.99 THEN 2020
1920 H(KlsK2)nl
1930 IF A4S(KI-K2)-01 THEN 2020
1940 IF KI 4.99 THEN 2020

1950 FOR K3=(K1-K2 I) TO KI-.99
1960 H(KIK2)=H(KIK2)*K3
1970 NEXT K3
1980 IF K242.99 THEN 2020
1990 FOR K3m2 TO K2-.99
2000 H(KI.K2)=HCKIKg)/K3
P010 NEXT K3
2020 RETURN
9999 END
READY-

11-52



BETFTA Program Listing

I PRIIT "FOR EXPLANATION LIST 80000"
2 DIM M(20),G(2Oat0O)*D(20,100),C(20,100),T(20100),U(20,100)

4 DIN A(20)#8(2O)
6 PRINT "HOW MANY LEVELS?"
E INPUT L
12 PRINT "EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TIP)"
13 FOR Ial TO L-.99
14 INPUT M(I)
15 NEXT 1
16 M(L)a1
1 K2gu
0 PRINT "DESTINATION?"

22 FOR Is1 10 L-*99
24 FIR Jul TO M(M)
25 C(I#J)ul
26 PRINT IiJJ
28 INPUT D(I#J)
29 G(1*1,D(IJ))*-l
30 NEXT J
32 NEXT I
34 PRINT "C@NDITIONALS?00SSKIP)'
35 INPUT I#J
36 IF IO THEN 41
31 PRINT "PCONDITIONAL"
38 INPUT CIJ)
39 PRINT "NEXT?"
40 GUTI 35
41 PRINT "GATE TYPES"
42 FIR 12 TI L
43 FIR Jul TO 1(I)
44 IF G(I*J)3'-.5 THEN 48
4S PRINT 1i02
46 INPUT K3
47 G(I#J)aK3
48 NEXT J
49 NEXT 1
50 FOR IuI TO L--99
52 FIR Jul TO M(I)
54 IF Q(IPJ)vO THEN 60
58 READ T(I#J)PU(I*J)
60 NEXT J
42 NEXT I
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64 PRINT
70 FOR lial TO L-*99
72 FOR Jiag TO MCII)
74 IF N3,0 THEN 78

78 N=N+J
80 ACN)sT(11*JI)
82 8(N)xU(II.Jt)
84 IF C(I1,JI)1l THEN 90
86 A(N)n(A(N).B(N)42)/CC!1,JI )-B(t4)-2
90 IF J1MI)THEN 200
92 If D(I1J)+J)43K1 THEN 200
94 NEXT I
96 NEXT 11
300 PRINT
102 PRINT
106sSYSTEM (ITERATION 00)
108 PRINT USING 106AK2
110 PRINT "ALPHA BETA E(P) E(P*P) (Y
112 PRINT
11490#*Ooof fu*eeeu .0#0000 *e##of oefelee#e
116 Elw(T(L*1)+1)/(T(L.1).U(LI)*2)
118 E2EEI*(T(LDI)+2)"(T(Lsl)*U(Lot)+3)
120 PRINT USING 1I4pT(La3)hU(LD1)&ElpE2*E2-EI92
122 PRINT
124 PRINT
130 KguX2+1
136 GOTO 50
200 ON G(11+1*K1)+oI SOTO 500#700*600#400
202 ?(11+1*Kl)A(N*1)
204 UCI1.1,KI)aB(N41)
P05 PRINT 11*IIKIIA(N.1)#BCN+J)
e06 NwO
210 GOT@ 94
300 I*N+1
302 C=E2/E1
304 6(I)m(I-C)*(El-t)/CCI-C)-l
305 IF B(I)~m(-1) THEN 330
306 A(IDu(B(1).t)*EI/(l-EI)-1
314 GOT$ 202
3301BETA(## 000) ILLEGAL
132 PRINT USING 330'II111
334 60TS 99999
400 6131
402 G2xt
404 FIR Is] TO N
406 GI*G1*CB(I)+I)/CACI)*B(I)+I+I)
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410 NEXT I
412 Eui"-G1
414 E2gu-2*GI+62
420 GOTS 300
500 s1at
502 6201
504 FOR 1=1 TO N
506 GI"GI*(A(I)+)/(A(I)+B(I)+2)
508 G2.G2*(A(I)+2)/(A(I).B(I)+3)
510 NEXT 1
512 ElsG1
514 E2"61*62
520 GUTS 300
600 Gi11
602 62=1
604 FOR Iml TO N
606 GluGl*(A(I)+I)/(A(I)+B(I)+I+I)
605 62u62*(A(I)+P.*I)/(A(I).B(I)2*J)*(A(I)+2*1-1)/(A(I)+

610 NEXT I
612 E1261

614 E2uG2
620 6OTS 300
700 G1=l
702 G9a)
704 FOR I1I TO N
106 GIuGI*(B(!).I)/CA(I),B(1) 2)
708 G2nG2(B(I)+2)/(A(I)+B(I)+3)
710 NEXT I
712 E181-G1
714 E2*1-2*G1+GI*G2
720 GUTS 300
80000 REM SATE TYPE 1 *RvINDEPJ 2 ANDaINDEPl 3 OR.IDs

4 AND&ID
80002 REM GATE BELOW LEVEL I# JTH EVENT
80004 REM ALL GATES EXCEPT INHIBIT MUST BE SEPARATED BY EVENTS
80006 REM DESTINATION IS INDEX J OF I.1TH LEVEL EVENT
80005 REM PCONDITIONAL IS INHIBIT (FAIL) PROB. (DEFAULT-I)
80010 REM WRITE ALPHA#BETA IN DATA STATEMENTS 90000 UP
80012 REM STARTING WITH ALL LEVEL I (LWEST). ETC
80014 REM IF MULTIPLE SETS PROvIDED, PROGRAM WILL ITERATE
80016 REM UNTIL DATA EXHAUSTED
80016 REM FOR TYPE 3&4 GATES* FIRST E VENT AoB ARE USED
99999 END
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BETAL1 Program Listing

I PRINT "RUN IN DOUBLE PRECISION"

2 DIN A(IOO),B(IO r'C(IO0)DD(IOO)DE(I00)DF(I00),X(IO0)
3 PRINT "PERMIT NEGATIVE BETA?"
4 INPUT S9
6 F2*1
7 PRINT "TYPE OF INPUT?"
R PRINT "I.PARAMCTERS*2wMBMENTS (MEAN & VA)"
10 INPUT SI

12 PRINT "HW MANY COMPONENTS?"
14 INPUT N
16 PRINT "VmLUUS? (THIRD VALUE IS COST OF FIRST TEST)"
t' FOR In) TB N
i8 IF Sin) THEN 22
19 INPUT F1,LZ#C(I)
20 GOSUB 300

21 GOTS 24
22 INPUT A(I),B(I).C(I)
23 6OSUB 100
24 NEXT I
25 PRINT "DISPLAY COMPONENT VALUES?"

26 INPUT 52
27 IF 52"0 THEN 48
P6 PRINT
30 PRINT "NO. ALPHA BETA E(P) E(P*P) V(P) COST"

31 PRINT
3291000 0090.90 99.90 .900 .00of##### .000#0000 19991.
34 FOR li TO N
36 GOSUB 100
36 PRINT USING 32e#|A(I)&S(I)pEIDEBDV*C(I)
39 IF AMI) 410000 THEN 41
4fl PRINT A(l)
41 NEXT I
42 PRINT
44 PRINT
46 KImO
so GOSUS 200
58 PRINT "FIRST COMPONENT TESTED"
58 GOTO 400
100 EIs(A(I)+I)/(A(I)+B(I) 2)
102 E2eEI*(A(I)+2)/(A(I)+B(I)+3)

103 VxE2-(EI*EI)
104 IF 1-1 THEN 107
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105 FII
106 FPzl
107 FIuFI*EI
108 F2aF2*E2
120 RETURN
200 PRINT
P02 PRINT
204 PRINT "FOR SYSTEM"
206 PRINT
208 CwF2/F1
210 BIu(I-C)*(FI-I)/(FI-C)-1
212 Als(BI+l)*FI/(I-FI)-I
214 VaF2-(FI*F1)
216 PRINT
218 PRINT 'E(R) E(R*R) V(R)"
220 PRINT
2223.#eeD# .eee.. eeuoee..
224 PRINT USING 222*FI*F2*V
226 PRINT
228 PRINT
229 IF BIAO THEN 360
230 R2"B141
231 IF ABS(B9 1-INT h1 .))4.O000001 THEN 900
232 GISUB 800
234 R40-R
236 R uAI+BI+2
237 IF (AI.1)IO0 THEN 350
238 GOSUB 800
240 R4aR4*R
242 R2aAI+l
243 GOSUB 800

244 R4=EXP(R4-R)
245 U3uO
246 U4uO
247 US-0
248 USnO
249 U6nO
250 GOSUB 930
252 GOSUB 700
255 PRINT "CLOSURE"
256 PRINT US.00000001
257 PRINT "LOWER CONFe BOUNDS"
25O80 00000 90 .0000 95 .0ii0
260 PRINT USING 258#U3,U4#U5
262 PRINT
264 PRINT
210 RETURN
300 E2gC2+EI*E!
301 CsE2/EI
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302 B(I)x(1-C)*(SI-l)/(E1--l
303 IF S981 THEN 305
304 IF BCI)'0 THEN 336
305 IF BI(1)THEN 330
306 A(I)u(BCI)41)*E/(-EI)-i
308 IF Vol THEN 314
310 Flat
312 F21 -

314 F1*F1*El
316 F2uF2*Eg
320 RETURN
330 PRINT "ILLEGAL BETA"
332 60T9 990
334:B(#eE) CHAN6ED FRIN #900I
336 PRINT USING 334*1*B(1)
338 B(D=0
340 A(I)u(g*El-1)/(l-I)
342 EBNEl*CA(1)*2)/CA(J)+3)
344 GMT 308
350 R13(R2-.5)*L@6(R2)-(AI*.5)*LOG(Al*2)
352 R4=EXPCR4.RI*B1-1)
354 GlIB 245
360 R2a81*1
362 GSSUB 822
364 RmL@GCR3)*LSB(Bl41)
366 GITS 234
400 FOR Ig3 TO N
402 u(()1/AI.C))
404 G1a(A(I)*1+El)/(A(l)+B(I)*3)
406 EguE1*(ACI)+2)/(A(I)+BCI)+3)
408 G2nGI*(A(I)*2*C1 )/(A(I).B(1)+4)
410 G3aFl*G1/EI
412 G4*F2*62/E2
414 D(IDuF2-F'f2-G4+G3f2
416 X(l)uD(I)/CCI)
420 NEXT 1
430 MuO
432 FIR Iml TO N
434 IF X(I)*i THEN 440
435 IF XCIDuN THEN 440
436 NxXCI)
438 33u
440 NEXT I
441 E(S3)aE(S3)41
442 PRINT "NO* DELV COST 1197 COST NI. TESTS"
443 FCS3)=FCS3)*C(S3)
4441g1 ue EE 0fE 000EG#.DE #00
446 PRINT
447 KI=K14C(S3)

11-58



448 PRINT USING 444vS3,X(S3),C($3)#KI.E(S3)
449 PRINT
450 IS3
451 GeSUs 100
452 A(S3)uA(S3)+.E
453 B(S3)BB(S3)+I-EI
454 FOR In] TO N
455 GOSUB 100
456 NEXT I
457 Gb3UB 2LO
458 SUSUB 600
459 PRINT "CQNTINUE?'
460 INPUT K
461 IF K.99 THEN 500
462 PRINT "CHANGE NEXT COST?"
463 INPUT K
464 IF K4.99 THEN 487
465t NEW C(C#O)o?
466 PRINT USING 465PS3
468 INPUT C(S3)
487 PRINT
468 PRINT "NEW VALUES FOR LAST COMPONENT TESTED"
489 GISUB 100
490 PRINT "Ni. ALPHA BETA E(P) E(P*P) V(P) COST"
491 PRINT USING 32#I#A(l)pB(I)vEIE2#V#C(l)
492 PRINT
495 FOR 1sl TO N
496 GOSUB 100
497 NEXT 1
498 PRINT "NEXT COMPONENT TESTED"
499 GTS 400
500 PRINT "DISPLAY STATUS FOR ALL COMPONENTS?"
502 INPUT K4
504 IF K44.99 THEN 990
506 PRINT -
508 PRINT "NB. ALPHA BETA E(P) TESTS COST"
$10 PRINT
5121 i #IIf1f*11 of*## .ff*#l Off 000008U.8#
513 F6R IJI TO N
514 GBSUB 100
515 PRINT USING s1EI),8(I).EIE(I).F(I)
516 IF A(M)410000 THEN 519
517 PRINT A(I)
519 NEXT I
520 PRINT
522 PRINT
530 GIT@ 990
600 PRINT
602 VBsF2-(FI*f1)
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604 V581
606 F681
608 FIR lot TI N
610 E13(A(I)+1)/CACI)+BCI)+

2 )
612 F3s(A(I)+E1+1)/(AI)9(I)+

3)

614 F4aF3*(A(I)+E1*)/(A(I)B(I)*
4 )

616 FS.F5*F3
616 F6uF6*F4
6eo NEXT 1
622 VuF6-CF5*FS)
624tE(DELVAR)5 .eeeeeeui
626 PR:NT USING 624,VS8V9
628 PRINT
630 PRINT
636 I33
640 RETURN
700 IF S4.-975 THEN 706
702 S58095
704 BOI 721
706 S6m*00I*INT( l000*S4)*o095
708 FOR Xw*999 TI (S6-90001) STEP -*001
710 GISUs 840
712 NEXT X
714 SSOS6-005
716 R4xR4/10
717 U6*.1*U6
716 FIR XwS6-*0001 TI $5 STEP -.0001
720 GISUS 640
729 NEXT X
724 R4-10*R4
725 IF 3540 THEN 736
726 IF S5*0 THEN 736
797 U6nI0*U6
786 FOR XwUSS.00I TI 0 STEP -.001
730 GOSUS 640
732 NEXT X
734 GOTO 740
736 PRINT "NOlDE 48*02500
736 PRINT "INTEBRATMI TRUNCATED"
740 RETURN
800 RIPO
604 IF R949 THEN 620
805 IF R2u2 THEN 620
806 R1.RI+LSG(RgII)
SON R2uR2-I
810 GITS 804
620 R2'R2-1
622 R3*1-.5745646*R2+o9532363*M92
824 R3aR3- .699858S*Re,3+.4245549*Ag

9 4
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826 R3xR3-iO010678*R2t5
828 RBRI*LSG(R3)
830 RETURN
840 IF XoO THEN 843
841 UTO
842 6ST# 844
843 U7a[XP(AI*LOG(X)*BIsLDG(I-X) *L (R4)*LOG(50000))
844 U8uUS*U7 U6
845 IF U3*0 THEN 850
846 IF U8480000000 THEN 864
848 U3uX
50 IF U4PO THEN 656
852 IF U8490000000 THEN 864
854 U4uX
856 IF U5a0 THEN 864
856 IF U6495000000 THEN 864
860 USuX
664 U6*u7
870 RETURN
880 R4nlO*R4
882 RETURN
900 Ra!
902 FOR Jul TO BII
904 RuR*(AI+J)
906 NEXT J
908 FOR Jw2 TO 91
910 RsR/J
912 NEXT J
914 R4UR
920 GOTS 245
930 S4-AI/(AI l*)
932 IF 344.975 THEN 960
933 IF 344.99 THEN 936
934 IF 34=,99 THEN 936
93S GMT1 962
936 34a.915
944 R4aR4/I0
946 FOR XS.9999 TO .94999 STEP -.0001
948 SSUB 840
950 NEXT X
952 R4w0*R4
960 RETURN
962 U6sEXP(AI*LG(.9999)BSG.G(000!)*LSG(R4) LOG(SO00))
963 U9*U6
964 R4wR4/|0
965 FOR Xw.9996 TO .94999 STEP -.0001
966 OSSUS 640
968 NEXT X
970 U6810*U6
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972 R4810*R4
974 FOR Xm*949 TI 0 STEP .*001
916 GOSUS 840
977 NEXT X
9763"tNT .9999 TO u"91
979 UsaI0o000000-US
980 PRINT USING 97soUS*.0000000I
951 U6wU9
"82 U300
983 U4=0
964 USNO
98!$ R4uR4/10
986 FIR XW*9998 TI .94999 STEP -*0001
96' GISUB 640
965 NEXT X
989 GITf 660
990 END
READY*
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APPLICATION OF RESULTS

The results obtained from this study provide a means
of assessing overall system reliability and subsystem and
component reliability as well. The systems application
will be outlined first; the simplified techniques to be
used for the reliability analysis at lower levels will
follow. The overall applications procedure is outlined
in figure 25.

SYSTEMS APPLICATION

The assessment of systems level reliability using this
methodology requires that a reasonable description of the
system and the mission be available. The following five
step procedure requires that system configuration and com-
ponent identity be known and that mission profile para-
meters including number of cycles, cumulative operating
time and elapsed mission time be available for every mis-
sion time point analyzed.

Fault tree development. At the system level the initial
step requires the deveJopment of a fault tree for the sys-
tem being analyzed. This study included the development of
seven typical system fault trees that should be applicable
(with minor modifications) to a broad range of propulsion
systems. This analysis process need only continue down to
those levels of the system for which models have been de-
veloped.

Model Quantification. The second step involves model iden-
tification and the determination of parameter values. Using
the developed fault tree determine which expression con-
tained in Volume I will be required. Assign the values
to the identified input parameters corresponding to the
mission times being analyzed. Note that component operating
parameters (suth as operating time and cycles) are indepen-
dent of mission time. This allows the structuring of duty
cycles that vary with the mission being assessed. Model
identification and the appropriate parameter values for
the time points being analyzed are then provided to the
COMPI computer program as requested (COMPl is an interactive
program).
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If it is desired to consider components beyond the
scope of the study in the system, the followinq procedure
is used:

Determine the median and 5% lower bound values
of reliability of the component. While no mode]
will be directly applicable from this study, thi-
compendium of models provided and the approachcs
outlined should serve as a useful guide.

Use the BETAP1 approximation technique to obtdin
a and / parameters of the Beta distribution
used to aggregate to the subsystem and system
levels.

System Level Analysis. From COMPI and for BETA1,I, the a
and 0 parameters for the Beta distribution will be available.
These parameters and the complete description of the fault
tree (as described in the NUMERICAL PROCEDURES section) are
provided to BETPTA if M out of N redundancies are not used
in the system. For the special cases using M out of N
redundancies, BETSB2 or BETSB3 are used as directed in the
NUMERICAL PROCEDURES section. From COMPI (or the iterative
use of BESB2 or BETSB3 system level assessments of expectect
reliability E {RSYSTEM} and associated variance V {RSYSTEM)
are obtained.

Reliability Estimate Bounds Computation. The resulis of
COMPI (or BETSBI, BETSB3) provide input for the BETALI
program which computes the system level confidence bounds.
It should be noted that BETALI can be used as soon as a
level is reached in the fault tree where the remaining
elements are connected by OR qates (( ) only.

As discussed in the CONCLUSIONS section a closed form
systems level solution was not possible. To obtain a
description of the system reliability variation with mission
time, the last three steps in the above procedure must be
repeated for each time point of interest.

Identification of Reliability and Uncertainty Drivers. If
the results of the preceding calculations are entered on the
system fault tree the reliability and uncertainty hierarchy
will be readily observable. Those components most critical
to system reliability and system uncertainty will be iden-
tified by tracing through the fault tree top to bottom.
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In general it should be noted that the above procedures
do not discriminate between systems and subsystems. The
process is equally applicable to major subsystem. For com-
plex systems it may prove desirable to treat major sub-
systems as systems to keep the process from becoming un-
weildy, leaving the aggregation to the systems level as a
final step.

COMPONENT AND LIMITED SUBSYSTEM ANALYSIS

To assess subsystems of a simple nature (four components)
or isolated components when aggregation to the system level
is not desired. The followinq simplified procedure should
be employed.

Determine and Quantify Component Models. Select the appro-
priate models from the RESULTSsection. Identify the values
of the required parameters for each time point being ana-
lyzed. For subsystem analysis, compute the reliability
values at the median (R.5) the 5% Lower Bound and the 95%
(R.95) Upper Bound. (This involves the use of X's and
a 's subscripted with .5 for the median case. However,

for the 5% lower bound case the X's subscripted with .95
must be used along with a's subscripted by .05. Input
these results into BETSB1 to obtain the expected subsystem
reliability and variance E{R} and V {R}, respectively.
BETALI is not required since the bounds were already com-
puted. It must be noted that while fractiles hold in
transformation that is:

R. 0 5  = f( A .95, a.05)

R.5 = f( A.5 , a. 5 )

R.95 = f( A .05, 0. 9 5 )

the expected value does not

E )I IH,{X), a E ONLY]

For analysis of individual components the mean R. 5 )
the lower bound (R.05 ) and the upper bound (R.9 5 ) are com-
puted using the models obtained from the results section.
Then the following calculation will yield the expected
value of reliability.
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Determine the standard deviation. From

R.05 = exp[ PR - 1.645 a ] (1)

and

R.5 = exp(P R) (2)

where AR = mean of the reliability
distribution

a= standard deviation of
the reliability dis-
tribut ion,

obtain

a R - ln(R. 05)
1.645 (3)

and

ln(R. 5 ) = PR (4)

From (3) and (4) obtaino

ln (R 5) - ln R 0 5
1.645

Determine the expected reliability F iRt
2

E ( = exp[ P + _ --
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SUMMARY AND CONCLUSIONS

A credible, standardized basis for reliability com-
parison of thermochemical and electric propulsion concepts
has been developed. The method employs detailed assessment
of reliability at the component level and aggregates these
estimates to provide a system level assessment using fault
tree analysis as the system framework. Inherent in this
approach is the capability of providing reliability esti-
mates at all intermediate levels. Methodology credibility
is assured through the quantification of estimate uncertain-
ty at the component level and the systematic aggregation of
this uncertainty to ell higher levels.

It was not possible to develop a closed form analytical
expression for the vaciation of system reliability as a
function of time with the diverse set of component reliabil-
ity models that resulted. To determine the time-wise sys-
tem behavior, the methodology must be exercised at several
time points and a curve must be fitted to the results. The
principal obstacle to a straight forward system expression
was fundamental: the inclusion of non-constant failure
rates. It vas concluded however that certain failure me-
chanisms (such as wear, fatigue, erosion) significant to
the long duration missions of interest could not be realis-
tically modeled with the constant failure rate approach.
The imposition of this artificial restraint would not have
to be justifiable merely on the grounds of mathematical
tractability.

The results include the capability of identifying
those components that are the greatest contributors to sys-
tem failures. The determination of these "reliability
drivers" cannot realistically be accomplished without
reference to their positi'n in the system configuration,
their expected operating lives and duty cycles, and assess-
ment of the uncertainty surrounding the reliability es-
timates themselves. With this information the methodo-
logy can also provide identification of those components
that are the greatest contributors to system estimate
uncertainty. Furthermore, a technique to develop test
planning strategy to optimally reduce system uncertainty
at minimum test costs has been generated anC adapted for
application to the system included in this study.
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Finally, the developed methodology is modular throughout
to facilitate revision and updating as additional reliability
information becomes available. The component failure mode
partitioning can be revised without requiring development
of new component models. Changes at the component level
can be made with minimum impact on the structure of the
system fault trees. The functional approach taken in de-
veloping the system fault trees provides the flexibility of
fault tree modification without the need to redevelop the
entire fault tree structure. An example of this flexibility
is provided by the thermochemical systems assessed. This
category included three propulsion system concepts. For
the purpose of fault tree development each system employed
a different pressurization scheme (blowdown on the catalytic
monoprop, pressurized surface tension on the electrothermal
monoprop and regulated constant pressure on the biprop).
In reality, any combination of pressurization scheme and
propulsion concept is feasible. In an analagous manner the
fault trees for these systems can be readily modified to
reflect this interchangeability. Therefore nine system
variations can be synthesized from the three baseline con-
figurations used in this study.
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GLOSSARY OF TERMS

E IRI or E JPJ Expected value of reliability

E jR*R or E {P*Pl Expected value of the square of
the reliability (the second moment
about the origin).

V R Variance associated with the ex-
pected value of reliability and is
given by

V e R1 = E JR21 - E2 {R1

ALPHA Label used in computer programs
developed in this study to iden-
tify the a parameter of the j3-
distribution

BETA Label used in developed computer
programs to identify the fl para-
meter of the P-distribution

DELV and DELVAR Used in program BETALI to repre-
sent "delta variance", the ex-
pected chanqe in variance of the
uncertainty distribution DELVAR
is used at the system level,
DELVAR at lower levels of aggre-
gation

E(DELVAR) Expected value of DELVAR

Independent Components Components are regarded as being
statistically independent if there
is no reason to believe their (un-
known) failure rates are alike.
It is therefore possible for com-
ponents to be independent even if
the corresponding distribution
parameters are alike.
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Identical Components Components are regarded as statis-
tically identical if they are
drawn from the same production
lot because the initial and sub-
sequent uncertainty descriptors
remain alike (except for known
differences in application stresses).
See Appendix B for a discussion of
independent/identical distinction.

Mission time = Elapsed time from start of mission
to the timp at which reliability
is being assessed. The units
used are hours

Operating time Accumulated hours of actLal
operation at the time reliability
is being assessed. The units used
are hours.

Pressurized time = Elapsed time from final charging
and pressurization of component
or subsystem to the time at which
reliability is being assessed.
For all the systems analyzed,
pressurized time will be equal
to or greater than mission time.
The units are hours

Design cycle life = Nominal number of operating cycle
for which component was designed.

Design mission life = Nominal mission length for which
component was designed

Design operating life = Nominal accumulative operative
time for which component was de-
signed.
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APPENDIX A

EXAMPLES

Electronic Components Reliability

Estimation Procedures

Example 1: Diode, General Purpose, Silicon A-i

Example 2: Capacitor, Tantalum Solid A-5

Example 3: Transformer, Power A-7

Methodology Application Examples

Example I Mercury Ion System A-15

Example II Catalytic Monopropellant A-41
System

Example III M-out-of-N Redundance A-94
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ELECTRONIC COMPONENTS RELIABILITY
ESTIMATION PROCEDURES EXAMPLES

EXAMPLE 1

Diode, General Purpose, Silicon

Device Characteristics:

TMAX maximum junction temperature 175 0 C

TS temperature derating point 250 C

IMAX maximum rated average forward current 500 ma

Rated voltage 200 v

Application Characteristics:

Heat sink temperature 25 0 C

Operating average forward current 200 ma

Applied voltage 140 v

Calculation of Expected Failure Rate

Part Failure Rate Model:

A --= b(rE rQ 'A 'TS2 i C) failures/106 hr

Xb is found by table look-up (Table 2.2.4-6), * requiring
temperature

(T-TC) and electrical stress ratio (S)

*

All references to tables and figures in Examples 1, 2, and 3
can be found in MIL-HDBK-217B.
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S is given by

-op
S = - (C. F.)

IMAX

and C.F. = 1 for TMAX  1750 C TS = 25 0 C

So that

200
S - .4500

The table yields

b 0.0023

The -factors are obtained from Tables 2.2.4-1 through 2.2.4-5:

Factor Value

rE  Space, flight 1

JANTXV quality 0.5

7A Small signal 1.0
140

$2 Voltage stress 1 x 100 = 70% 0.75

?Metallurgically bonded 1

thus

X --0.0023"1"0.5"1'0.75.1 = 0. 0008625 failures/106 hr
p
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Uncertainty Expression

As noted earlier, the lognormal distribution model with square

of coefficient of variation

22 =2.74

will be used to estimate and describe uncertainties surrounding esti-

mates of constant failure rates for electronic devices.

For the diode, we have

Ef?4 = 0.0008625 failures/106 hr

since

2
= ea -1 =2.74

We have

92 = ln 3.74 = 1. 3191

a 1. 149

but

e +1/2

= In E -1/2 =-7. 715
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The uncertainty distribution for the diode thus is lognormal with

p- -7.715, a= 1.149. This in turn yields

Lower bound, F*0 5  e" 645 = 0. 00007 failures/10 6 hr

Median, M = e P 0. 00045

P+l. 645cr
Upper bound, F =  = 0.00295..95

Alternatively, but less comprehensively, the diode failure rate

+247 -6
could be said to be 0. 0086 +276 x 10

For nonelectronic devices, the uncertainty estimates (coefficient

of variation) are adjusted to reflect information gained (e. g., by de-

tailed stress analysis) and additional uncertainties introduced (e. g.,

by extrapolation to different device types or use of large and arguable

environmental correction factors) during analysis. This is unneces-

sary for electronic devices because gains and losses in MIL-HDBK-21 7B

analyses are considered to be balanced.
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EXAMPLE 2

Capacitor, Tantalum, Solid

Device Characteristics

MIL-C-39003, level P

20v, 10 F

Application Characteristics:

T Ambient Temperature 250C

S Applied voltage 1 Ov

SR Circuit series resistance 5 ohms

Calculation of Expected Failure Rate

Part Failure Rate Model:

p = '\b(f'E7SR'fQ failures/1 6 hr

X b' iTE' and 'Q are fbund from Tables 2.6.5-4. 2.6.5-1, and

2. 6. 5-3, respectively:

A b = 0.010

EI

IrQ= 0.3
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The relative circuit resistance is 5/10 ohms/volt. Interpolating

in Table 2.6. 5-2 yields iSR = 0. 5. Thus

A= 0.010"10.5"0.3 failures /106 hr.P

= 0.0015 failures/10 6 hr.

Uncertainty Expression

Proceeding as in Example 1, we obtain:

EJA, = e1 + I / 2 2 = 0. 0015

since a is fixed for constant 7 2

p= In E X - .6595 = -7.162

and the uncertainty distribution for the capacitor is lognormal

with j = -7.162, a= 1. 149. This in turn yields

F 0.00012 failures/106 hr..05

M = 0. 00078

F = 0.00513
. 95

In tolerance form, the capacitor failure rate coued be said to be
+242% -

0.0015 +2421 x 10"6; for fixed 2, percentage tolerances referenced- 92%6

to the expected value also are fixed in the lognormal distribution.
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EXAMPLE 3

Transformer, Power

Device Characteristics:

MIL-T-27 Grade 4, Class R, Family 1

Hermetically Sealed

2 8 /240v, 20va

Weight 1. 5 lbs.

Application Characteristics:

TA am-,ient (radiation sink) temperature 25 0
weighted average load l6va,
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CALCULATION OF EXPECTED FAILURE RATE

Part Failure Rate Model:

6
Np = Akb ("E . 7 ) failures/1.0 hr

Xb is found from

Xb = Aex

where

G

(TH 273)xNT

HS Hot spot temperature (°C.)

From Table 2.7-1:

A =  7.2 • 10-4

N T = 352

G = 14

With the available data, it is necessary to enter Figure 2. 7-4

for weight 1. 5 ihs, input 20 watts (16 VA output,unity power factor,

80 percent efficiency). This yields an average temperature rise

AT = 320 C.
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From paragraph 2. 7. 1.2

THS TA + 1.1(AT) = 60 C

then

60 + 273 14x =  3 2= 0.46
352

_ .1-4 -4.

,b 7.2 .10 0.46 = 3.3 x 10"

From Tables 2. 7-3 anl 2. 7-4, we obtain

irf 8

7rE

so that

, 3.3 x 10 8 1 failures/106 hours
p

6
- .0026 failures/10 hours

Uncertainty Expression

Proceeding as before, we would obtain:

-6.612

F = 0.0002 failures/106 hr.
* 05

M = 0.0013

F 0.008995
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However, transformers are among the least standardized

electronic devices and are sensitive to the relatively frequent

assembly and processing variations and errors reflected in

Table 2. 7-3. In addition, the failure rate is rather sensitive to

the hot spot temperature, THS, which was crudely approximated.

In view of this, an exception to the stated procedure for electronic

part uncertainties is in order.

Table 2.7-3 indicates a 5:1 ratio between upper and lower

values of rf taking these values to define a 95 percent interval

(lognormal) and setting 4 standard deviations equal to the natural

logarithm of 5 yields

qr =0.4

A similar contribution by THS uncertainties leads to a new

overall estimate for the aggregate standard deviation of the uncer-

tainty distribution:

I V2l + E2 +cH 2

4 . ....

1.3191 + 0.16 + 0.16 1.28
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The nature of these changes is such that x remains the best
p

estimate of E(,). The modified uncertainty distribution descriptors

thus become

A1 =-6.771

F. 0f 0.0001 failures/ 106 hours* 05

M = 0.0011

F 95 0.0094.95

Wear-Out Effects

The preceding estimates considered only constant-failure- rate

effects. Transformers are subject to thermal aging of insulation and

hence to a well-defined "wear-out" pattern. To determine whether

it is necessary to take into account, it is desirable to start with con-

servative estimates of the wear-out distribution.

At maximum rated hot-spot temperature, transformer wear-

out life can be described by a normal distribution with =105

10,000 hours, q 10 5 x 2,000 hours,
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For class R insulation, the maximum temperature is 1050 C.

Previously, THS was estimated to be 600 C. Since we are scaling

down from 105 ° C, it is conservative to use 100 C rather than

70 C in the "rule of thumb" (or Arrhenius equation) for a factor of

2 in life expectancy. Thus, the 60" C life expectancy is

105-60

JA 2 10 225,000 hoursi #60 " 105

The coefficient of variation 0) is unaffected by scaling, so

that

or S 45, 000 hours
60

The longest mission under consideration is 10 years 87,600

hours " 60 - 4 a6 0 . Pessimistically, the probability of failure

due to wear-out is 0. 000032.*

*From tables of integrals of the normal distribution; for such large
multiples of a, it is desirable to use a detailed table such as the
National Bureau of Standards' AMS23. It should be emphasized,
however, that results from the extreme tails of a distribution are
always subject to question. It is rare that physical reality can be
represented credibly by theoretical models at the extremes.
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For comparison, the 87, 600-hour failure probabilities

(exponential) due to F. 0 5 X , and F. 9 5 , respectively, are

Q o5 ~~ 0.000009

Q , 0.00023

9 0.0008

(In all cases, a 100 percent duty cycle has been assumed.)

In this example, the wear-out contribution is dominant compared

to the constant-failure-rate contribution at F* 05' small compared to

the best estimate of the latter, and negligible compared to the F

contribution.

The wear-out contribution becomes smaller (both absolutely

and relatively) under any of the following:

A less conservative estimate of wear-out

A reduced duty cycle

A shorter mission

Any earlier time in a 10-year mission

In view of these considerations, and in light of the fact that

system-level use of device failure rates concentrates on the expected'
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and F values, wear-out effects should be disregarded here. How-
95

ever, wear-out life may be the limiting factor for other components

and -hould not be disregarded without analytical justification. As

noted earlier, physical demonstration of adequate life expectancy

sometimes will be necessary. Reliability prediction using MIL- HDBK-217B

data is not an adequate tool when there is reason to expect clustered

failures within desired mission dueations.
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METHODOLOGY APPLICATIONS

EXAMPLE I MERCURY ION dYSTEM

1. Mission: Duration = 5 yrs = 43,800 hrs
Cumulative Operating Time = 22.876x10 6 sec

6354 hrs
Number of Cycles = 1826

2. Evaluation Point tm = 5 yrs (End of Mission) 43800 hrs
top = 6354 hrs

N = 1826

3. Component/Failure Mode Identity - Obtain From Fault Tree
Component/Failure Mode Code Identity - Obtain From

Table 9, Vol II

Component/Failure Mode Code
Bladder Leak/Rupture BB
Propellant Line Leak/Rupture FL
Propellant Fill Valve Leak/

Rupture FVI
Propellant Tank Half, Leak/

Rupture PR
Pressurant Fill Valve Leak/

Rupture FVl
Pressurant Tank Leak/Rupture PT
Tank Heater Failure HLTV
Line Heater Failure HLTV
PCC Switch Fails Active SA
PCC Switch Fails Passive SP
PCC Failure Mercury Ion MPC
Liquid Mercury to Cathode
-Use Vaporizor Leakage VL
Vaporizer Heater Failure VH
Vaporizer Clogged VC
Feed Line Leak/Rupture FL
Loss of Electrical Isolation II
Discharge Chamber Malfunction DC
Cathode Assembly out of Tolerance

Use Cathode, Hollow HC
Neutralizer Cathode out of Tolerance NC
Neutralizer Vaporizer NV
Neutralizer Isolator NI
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Gimbal Thrust Vectoring
Lower Support LS
Upper Support US
Linear Actuator LA
Motor and Gearing MG

4. Enter Program COMPI with the preceding codes and
appropriate cycles, mission times and operating times.
For this case as stated in 2. above

N = 1826 cycles
top = 6354 hrs
tm = 43800 hrs

COMPI output is shown on the following pages. Note
each computation result is followed by request for
second data entry for the component. This feature
is exercised when multiple time points in system
life are being analyzed.
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76~'~l4.10.36.07.
UROGRAN co CPI

OUTPUT FORMAT 15
1.05 NOS ALPHA BETA

COPONENT C#Dt? CZZ*Eho)

PRESS. 7191u? (OsIND)
? 43600

o.976552 .996945 67.9354 6097013
PREtS. TIME.?

I aL

PT IME? COnsmO
? 6354

.998'130 6999590 *4110.6949 2.2724

?70

COMPOENT CSDE? CZZU~t4D
7 FviI
PRESS. TIme.? touEND)
?74340

4865952 *999601 93*8530 I's 7616
PRES. Tins?
170

CSNPSNT CODE? CZZuENDj

PRESS. TIME*? (0s110o
1 43600

991117 .999118 9*160
PRESS. TIMES?
?70

COMPONENT CODECzznghe)
? PT
SAME AS PR
PR155. TINKs? COsEgdO)
7 4360

0981107 996118 994560 0.,5691PRESS. TINE.?
? 0
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COMPONENT CODE? (ZZ=Edo)
I HLTV (ED

743800
.9,2625 0999085 259.907* .46*PTI wa?

t 0

CBNPINENt CODE? (ZZED)
7 3A
"So CYCLE3 a? ContNo)
? too

0990996 1.00000 *407623.*080 1 -5No. CYCLESa?
7 0

CONPINEN? Cl?( ZZNEND)
3 P

SAME AS S
* NO* CYCLICS a? coSEIV

1900*99 96 1000000 *407623.0601 .416
ftfsI CYCLtSw?
? 0

CINPINKNT CSDE? (ZESENO)

HISSION TIM&.? COOCND)
'43600

0940275 .959930 3S*4690 -00343t

1?0

CNpSeNtT C99c? zZeaND)
VL

INPUT OPTION
Is FIXED (EYCLE/OPoHR.,* 2-SEPARATE

CYCLES a? (Dae*D)

170
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COWPONENT CODE? ( ZuEND)
? VH
UPTIME.? couEND)
? 6354

.99603 .9974611 131993C%, 0*4098
UPTIMe.?

COwONiEI CODE? (ZZ&END)

UPTI#4t*? (OnEND)
? 6354

*979966 .998356 ft.2047 096117

CIMPUNENT CODL?ZZ=EN)
? FL
UPTIME.w? couEND)
? 6354

.998130 .999520 *4110.6949 2.37314

? 0I

UPTIME.? (0.1Mb)
? 6354

UPTI 34ME.?S6 13.1973 *62

COMPONENI CwoVE(ZjIVD)

? 6354

PI IME=?

COWOWdNT CS@DE?(ZZ.tD)
? NC
UPTImE.?(01 )
? 6354

650401 .894764 796"66 1.1666
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CoMPONENT CODE?(CZZNEND)
? NC
OPTINEO? OED
1 6354

.650401 .694764 1.4666 191666
OPT 11498?

COMPONENT CODE?(ZZ8END)
? NV
CLOG & LEAK COMBINED

CTo S, PARATE. U3E VC AND VL)
INPUT OPTION

to FIXED CYCLESI'OPoNRoo 20SEPARATE

CYCLES a? (0wtND)
?1626

WTIMsu? (WAE~D)
? 6354

01196 .975434 29.6529 1 90431?
CYCLES %? (OsEWD)

COMPONENT CSDE?CZZBENS)
? NI
OPTIME.? (OutND)
1 6354

o668034 .990666 13o1913 -06229

COMPONENT CorE? CZZNCND)
? LZ
OPTIM~a? sED
? 6354

0950257 #99661S 30.4868 -.6536

1 0

COMpON9NT COMEMZsED)
? us
#PTIMEw? (OsEND)
?'63S4

o966665 o996153 44.5823 -6641
OPTIMts?
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COMMNT COOIMMZOE~D)
? LA
OPTIME.?(0ND
?6354

689097 .966951 14.4370 *57
DPT114ts?
?70

CSMWffiNT CGSC? (ZU.WD)
? 14G
OPTIWE.u? '(onmN)
? 6354

.669097 *984951 34*'4370 *57
OPT INE a?
7 0

C9SIIlfiNT COZ?,ZZmEND)
? UE
NO SUCH4 CINPSWEWY

3OU 5.601 UNTs

RUN CIMPLETE.

5819333 LIS 1fF 10.55.01f

?is Is 3465
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5. Enter BETFTA with COMPI results and fault tree logic.
In this !xaMple the fault tree will be traced from
the component/failure mode level up to the overall
systems level. While BETFTA has the capacity to com-
pute the entire fault tree in one sequence of operations,
for the sake of clarity each major portion of the fault
tree was analyzed as an independent entity.

The first portion shown "Improper Propellant Flow
to-Vaporizers" will be used to identify the numerical
entries identifying fault tree evants and magnitudes
of the a and 0 parameters of the beta distribution.
These values (a', ) were taken directly from the outu
put of COMPI. They appear with their associated event;
ais given first with 9 following immediately below.
The numbers contained in parenthesis are the event
code for use in BETFTA. As described in the BETFTA
outline, the first number identifies the fault tree
level (counted from the bottom up) to which the event
belongs. The second entry identifies the location
(counting left to right) of the event in the level.
Therefore, the set (2,3) uniquely identifies "Pro-
pellant Fill Valve Leak or Rupture" as the third event
on the second level in the fault tree "improper pro-
pellant flow to vaporizers". Note that "Contamination
Clogging" was not given an identifying code. It was
assessed as being negligible and can be disregarded
in the remainder of the analysis (the degenerate one-
on-one tree that results from the elimination of this
event can be accepted by the BETFTA program.

The level 1 and 2 events obtain their values from
COMPI output; the level 4 event obtains its value
from BETFTA. Although not shown on the fault tree,
BETFTA also computes the a and a values of intermediate
level events, in this case level 3 events. These
appear immediately after the "Gate Type" response,
preceded by the appropriate event code, in the BETFTA
output following the fault tree. The remainder of the
Mercury Ion System Computation follows in the same
format.

A-23



ifit;

0~0

A-2



OGRAM BETFTA

90000 DATA 25q.907jv-o4869*259.907J*.4S69
*90004 DATA 6795**0341*99992&363-71*956-52

90006 DATA 91@853*-97615#92.526*'.S691
90006 DATA S00000#..5
99999 END

* REIADY.

FIR EXPLANATIOM LIST 60000

HIM MANY MEIMLS?

EVENTS? (L$WEST FIRST) (SINGLE ASSUMED AT TIP)

? 3
DESTINATION?

I2 7

t' 31

3 121

3 3? I
CINDITIONALS?(0.Ou3KlP)
?ODO0
W~E TYPES
3 713
3 131
3 2?1!
3 313
431?)

a 7~ 339.575 -0456903
3 1 07.0179 6.93594t-2
3 3 19.6 467359 J~G*A6/4r av,7 3)KeutT.
3 3 9.672 -.33639 -- I~MDA(r.7t 3) obr X

1 4 1 .1 93*741 1.33S36
~ 0OL

SYSTEM CITERATION 1)
ALPHA SETA . (PO) COO*P) V(P)

93.3741 19235t .976640 .9S4446 .00083202

RUN COMPLETE.
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I LOS$ o r- ; 192 .2 2 7(,I P c 1

39 
P". C 

,.

RIE.ADY, -, *¥.

90000 DATA 9

IW

76-14 4. 15.14.59
PRIRAN 

SETItA

F@R EXPLANATION LIST 80000
HIWM IANY LEVELS?

EVletTS? (LStl[ST FIRST) (SINgiLE &ASSiWD Ait 76P'a
DESTINATItON?

CiNDI T ! ALS? (0.O0SSKlP )
? 0,0
pTg TYPECS

I ?4

I ~ I 118.1418 ".358999
SYsTt EITERATION 

L)
SAIJPHA SEITA 1(P) E(P*P; V(P)

1158.00/6 -,50,193 *991J467 .00000417
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PROGRAM SETFTA

9000 DATA ,,,.9303,..409SS24*047.-o.4417.S1047'6I1
906 DATA 2O.507*..SSS

PROGRAM SETFTA

VON EXPLANAT ION LIST 60000
NO NANY LELVELS?

CVENTS? (LOWEST FIRST) (SINGLE ASSUNUD AT TOP)

DESTINATION?

13

I1 3?f1
31 3?1

DATE TFDAPETSO

30.4611 .1A530
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90000 DATA 39.6539.1 0432,7.6666 .,.666,133.9?73..*60U
9005 DATA 13d1973.-.6329.30.4811,OlS.).4?65.*.?995
9W04 DATA 796 6 6#1 1666

PROGRAM EtFtA

FOR EXPLANATION LIST 6000
NW MANY LEVELS?

EVENTS? (L9WEST FIRST) (SINGLE ASSUMWD AT TV)

DESTINATI SN?

3 1 1

3 57 1

1 000
GATE TYPES
t 5 11
3 13?!

1 5 3.34509 o*3544
3 1 542631 5$6665

SYSTEM (ITSMATION 1)
ALPHA BOTA 1(P) 90.VP

So.1363 5.5667 9466698 o25498? *016136

EID IF DATA AT 54

BASIC gxgcuTIu ERROR

sou 0.676 UNTS.

RUN CONPLETE.o
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READY*
9000 DATA 14437"..5571.14.437.-/*5 571.3' *41 6D'-6538
90001 DT
9000 DATA 44583#..,6O41.5,ft63.S.56"7
90004
RUN

FOR EXPLANATION LIST 60000
mew MmY LEVELS?.
1 41
EVENTS? (LOWEST IRST) (SIN.IM ASSUMED AT TOP)
1 4I

DESTINATIIN?

I I711S3 ?I
I 4 ? I

3 31 1
3 a?2 El1

C4NDITIONALS? o.0*SKIP)
1 0.0
SATE TYPES

4 I ? 1

1I1 16.5117 .353853
3 3 16.5I1 .353853
4 1 5.34573 6.70005

SYSTEN (ITERATIO I)
ALPNA PITA I(P) C(P*P) V(P)

5*3457 6.7000 .451769 *30575 .01646145

IN 81 DATA AT 51

BASIC EXECUTION ERROR

soU 0.717 UNTS*

RUN COMPLETE.
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90000 DATA 54S57P6.7,.3457 *6*790002
t 90004

RUN

76*419/14. 15.59.50.
PRUGRAM SEZPTA

FOR EtxPLANATirSN LIST 80000
HfW MANY LEVELS?
129
EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)129
DESTINATION?

1 9 ?

CNDITIINALS?cOoqosxzp,
? 000
GATE TYPES

I1 ? 4

21 5*78357 2.1464

SY.*TEM CITERATiom 1)
ALPHA BETA 1(P) E(P*P) V(P)

5.7836 1.1464 .633004 .486299 .019$0519

ENO OF DATA AT S6
BASIC RXCCUTIOM ERRORf

IM 0.65) tINTS.

RUN COMPLETE.o
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6. At this point only series (or gate) relationships re-
main in the system. Therefore BETALl is used to obtain
Principal Subsystem Parameter values as well as the sys-
tem level value of expected reliability and the associated 80%,
90% and 95% Lower Confidence Bounds. (LCBT

In order to illustrate the before-the-fact test plan-
ning capability of BETALl, arbitrary and significantly dif-
ferent test costs have been assigned as shown

1. Redundant Thruster Subsystem (No Properly Oriented
Thruster available)

S= 5.7836

S= 2.1484

Test Cost = $50,000 per test

2. Redundant PCC Subsystem (Loss of PCC Function)

S= 182.2226

/ = -0.859

Test Cost = $1,000 per test

3. Propellant Containment/Delivery Subsystem (Improper
Propellant Flow to Vaporizer)

a = 93.2741

p = 1.2352
Test Cost = $10,000 per test

The program will first display component values if re-
quested (1 = Yes, 0 = No), and then compute the system level
expected reliability E(R) and variance V(R) values. A nu-
merical integration follows and the result "Closure" is
printed. Since analytic integration would yield a result
of 1.0, the closure statement can be used to assess the
quality of the numerical ipproximation and the accuracy of
the following results. The 80, 90, 95% lower confldence
bounds are then provided.
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FILE NAME: BETALI
kEADYo
RUN

77/01/27. 19.23.30.
PKOIkAM BETALI

RUN IN DOUBLE PRECISION
PERMIT NEGATIVE BETA?
?1

TYPE OF INPUT?
I=PARAMETERSP2=MOMENIS (MEAN & VAR)
?I

HOW MANY COMPONENIS?
? 3

VALUES? (]HIkD VALUE IS COST OF FIkSl TEST)
? 5.7836p2*1484*50000
? 182.2276,-.89*1000
? 93.2741*1.2352,10000
DISPLAY COMPONENT VALUES?
?!

NO* ALPHA BETA E(P) E(P*P) V(P) COST

1 5°78 2o1b .683004 .486300 .01980510 50000.00
2 182.23 -.86 s999231 .998467 .00000417 1000.00
3 93.27 1.24 ,976840 ,954448 .00023202 10000.00

F0F SYSTEM

E(R) E(N*H) V(k)

.666673 .463436 .01898387

CL SURE
.999672

LOWER CONF, BOUNDS
80 95480 90 94780 95. .4210
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The program then enters the test planning routines
using the greatest reduction in uncertainty (variance) per
test dollar as the principal criteria in selecting com-
ponents for testing. As out put the identity of the com-
ponent tested, the change in variance (DELV), and test cost
are provided. In addition a running count of total test
cost per component and total number of tests per component
are also presented. The system level values of expected
reliability and variance are then recomputed. NOte that as
expected the expected reliability is the same, but the
variance V(R) has decreased. Numerical integration quality
is again provided by "Closure" and is followed by the 80,
90, 95 lower confidence bands. These lower bands also re-
flect the decrease in variance in the increased values of
reliability at each bound level. The expected value of
variance reduction E(DELVAR) is then provided.

FIRST COMPONENT TESTED
N0. DELV CO5T TOT COST NO. lESTS

1 .00000003 *50000.00 50000.00 1

FOR SYSTEM

.666673 o461855 .01740208

CLOSUHE
999963

LOWER CONF. BOUNDS
80 95530 90 .4870 95 94320

E(DELVA)=,001 33831
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The program next asks if a subsequent test is desired
(Continue, Yes = 1, No = 0). For this example, two further
test sequences were requested. At the end of the second
additional sequence, a summary display was requested. In
addition to the , (, and expected reliability E(R) values
for each component, the total number of tests and total
test dollars per component are provided.

CONTINUE?
? I

CHANGE NEXT COST?
?o0

NEW VALUES FOR LAST COMPONENT TESTED
NO. ALPHA BETA E(P) E(P*P) V(P) COST

1 6.47 2.47 .663004 .484640 .01814527 50000.00

NEXT COMPONENT TESTED
NO. DELV COST TOT COST NO. TESTS

1 .00000003 *50000.00 100000.00 2

FOR SYSTEM

E(R) E(k*H) V(R)

.666673 .460517 .01606492

CLOSURE
°999693

LOWER CONF. BOUNDS
80 .5580 90 e4940 95 .4420

E(DELVAk)=0O0114635

CONTINUE1
?I

CHANGE NEXT COST?
?0

NEW VALUES FOR LAS] COMPONENT TESTED
NO* ALPHA BETA E(P) E(P*P) VP) COST

I 7.15 2.78 .683004 .483237 #01674214 50000.00
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NEXT COMPONENT TESTED
NO. DELV GOST TOT COST NO. TESTS

i .00000002 *50000,00 150000.00 3

FOR SYSTEM

ECR) E(R*R) V(R)

9666673 o459372 .01491972

CLOSURE
.999775

LOWER CONF. BOUNDS
80 .5620 90 950;0 95 .4510

E(DELVAR )=00099296

CONTINUE?
~? 0

DISPLAY SIATUS FOR ALL COMPONENTS?
?

NO . ALPHA BETA E(P) TESTS COST

1 7.83 3,10 .683004 3 150000.00
2 182.23 -.86 .999231 0 .00
3 93.27 1.24 .976840 0 .00

SBU 6.183 UNTS.

RUN COMPLETE&
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EXAMPLE II CATALYTIC MONOPROPELLANT SYSTEM

1. Mission 5 years or 43,800 hrs

a. 0.1 lbs Thrusters (Position Control)

1. Pulse

a. Cycles = 6348
b. CUM Firing Time = 1.75 hrs

2. Steady State

a. Cycles = 11
b. CUM Firing Time = 14.55 hrs

b. 5.0 lbs Thrusters (AV)

1. Pulse

a. Cycles = 3100
b. CUM Firing Time = 0.1 hr

2. Steady State

a. Cycles = 2
b. CUM Firing Time = 0.4 hr

2. Evaluation Point, t mission = 5 years; End of Mission

3. Procedure: Because of the more complex tree developed
for this system each tree section (still to be treated
as entities) will be evaluated completely (using BETFTA
and COMP) before moving to the next secticn.
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PROGRAM COMPI

OUTPUT FORMAT IS
R*OS Res ALPHA BETA

COMPONENT CODECM.ND)
? FTC
OPTIMEx? (ONEND)
? 16.3

0999997 1.00000 *456219.2871 -06581
OPT I01v?

Ca"MPNe"T CODE? CZZSEND)
? ILVC
INPUT' OPTION
ISfIXED CYCLES/MISSION MR** 2839PARATE

CYCLES.? (OutUD)
? 3302
MISSION TIME a? COuEND)
? 43600
*965436 .999499 93.6553 '.07431

CYCLES.? C0uEND)

COMPONRNT CIDC?CZZmEND)
? HLTV
NISSION TINE.? (08END)
? 43600

.999695 .999065 959.9071 0.4669
OPT INE.?
? 0

ca'APONT CODE? CZZUEND)
? ILVC
INPUT OPTION
3*FlAXJ) CYCLES/MISUO9N HR., POSEPARATE
T 2
CYCLES.? (OSIND)
? 3000
MISSION TIME a? (OwEND)
? 43800
.95608 .999516 96.6901 "67493

CYCLES.? (OsIN6D)

COMPONENT CODE?( EuENO)
? Uz
040 SUCH COMPOeNT

SWU 5.569 UNTS.

FUN COMPLETE.
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BASIC#9LD*BiTFTA
READY-
90000 DATA 93,553#.-7431#93.8553f-743!
90002 DATA 2S9.9071#-.4869#96.6f1p0-,7423
RUN
ILLEGAL COMMAND.
RUN

76/12/14. 19.22.06.
PROGRAM BETFTA

FOR EXPLANATION LIST 80000
NOW "NY LEVELS?
? 3

EVENTS? (LOWEST FIRST) (SINGLE ASS3UED AT TSP)

1 3

DESTINATION?
I I ? I

1 2?I
2 1 ? 1
2 2?1
2 3?I

CINDITISNALS?(0.OsSKlP)
? 0.0
GATE TYPES
2 1?3
3 1 ? 1

2 I 46.6i1 -.?43106
3 1 66.8352 -. 323087

SYSTEN'(ITERATION I)
ALPHA 5ITA E(P) I(P*P) V(P)

66.6352 *.3t31 .990190 *980478 .00014073

END OF DATA AT 56

DASIC EXECUTION EPRIR

SOU 0.699 UNTO.

RUN COMSPLETE,
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"O000 DATA 66*63S2..*3231
900081 DATA 6699352&.'.31
RUN

PRO0RAN KITA

FOR EUPLANAT.#4 LIST 60000

HIW %ANY LEVILS?

ZVENTS? (LOWEST FIRST) (SINP.. ASWSD AT TO)

DEZTIA?
I I? I
1 2? I

CONDITIONALS? (0OO*3XP)
? 0.0
GATE TYPES

9 1 39964 -*323119

SYSTEM CITCRATJON 1)
ALPflA BETA 1(P) C(P*P) V(P)

39.9964 -.3231 90470 *W6174 .00053655

END Of DATA AT 56

BASIC EXIECUTION ER"

3SIU 0.660 UNTS.

RUN COMPLETE.
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90000 DATA -17,.639353.6191-6-SiI
90002 DATA g~~ol-46029"1-46
90004 DATA 74*91760-o66936
90006 DATA 93o653..161699*224.562)
90006 DATA 5.O1.S92997EI6
99999 END
READY*
RUN .

76129115 10.21 .26.
PROGRA14 STFTA

FOR EXPLAMATIOW LIST 60000
MOW MANY LEVCLS?
7 4
EVENTS? (LIWEST FIRST) (SINGLE ASSUWE AT TOP)

? to

? 2
DESTINATION?

t?

1 3? I
1 4? 2
1 512
1 61?3

1 90 ? 4

* 1 ?1
2 1 ?I
2 31?2

3 1 ?
3 21?1
COPITIGNALS? COmOUSKIP)

GATE TYPES
I II
2 L; ? 3
2 311

3 1 ?)
3 2?)
4 11?3

2 t 04,939 *63317E-3
2 2 1i89S'? *.466"0)
2 3 64.939 *.33179-3
2 4 129*S5~A -*4S6901
3 1 92.817 461443
3 1 9.611 .461643
4 1 4548264 94616

SYSTEM (ITERATION 1)
ALPHA SECTA E(P) EUp*p) V(P)

45.8254 .46e7 .961731 ' 940974 .000$9551
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PROGRAM CON'PI

OUTPUT FORMAT 1S
Remos R95 ALPHA BETA

COMPOIPENT CIDE? (ZZOENdD)
7 ILVS
INPUT OPTION
10F3IXE CYCLEtflu13uzow HR..p 2'SSPARATE

CYCLES*? (OsEND)
? 3109
MISSION TIME a? (outhD)
? 43800

99~519 .999633 282921t9 -.*7431
CYCLESS? (OuUND)
? 0

COMPONENT CODE? U mEND)
7 ILVP
MISSION TI"mI:? (OUEND)
743000
o973039 *999133 49.3608 -.7505

OPTIME.?

COMPONENT CODE? (ZrSEND)
? EVo -
DESIGN CYCL& Li7seroP LIFP.M13SISM DURATION
? 310e..S.43600
INPUT OPTION
I UFIXED CYCLESeOPoHRo.DISPARATE

CYCLES.? coagND)
I 310P.
MISSION Tintoope TIhL (0OUE*Noq
743800#-S
o977400 o99711* $4.4020 .04733

CYCLES.? (GuEND)
?70
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COM4PONENT CODE? (ZZuEND)
? EVP
DESIGN CYCLE LIFE# OP. LIFEP MISSION DURATION? 3102*9S.43800
IMPUT OPTION
1 *FIXED CYCLES/9P.oH. 2SSEPARATE

CYCLESS? COElNg)
43109
M1331aH TIME~fP. TIME C0OuEwD9
? 43600#.5

.661509 '9842019 14@6352 *48
CYCLESm? (OsENe)

COMPONENT CSDE? ( Zsiw)
? ILVI
INPUT OPTION
INFIXED CYCLES/MIS319N HR.. 20SEPARATE

CYCLESu? (OmEND)
1 10(10
"1S31Sh TIME a? (OuEND)
? 43800

49S348 .999839 297.2803 -.74e3CYCLESm? ('EtND)

COMPONENIT CODET (ZZUathD)
? ILVP
MISSION TIME.? (OEtND)
? 43600

*973039 *999133 4993608 -.7505OPTI HE.?

COPOENT CoDE? CZZREND)

No SUCH COMPONENT

sou 5Sd17 UNTS.

RUN CONPLETt.
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PROGRAM BETFTA

90000 DATA 269.9J29#-*?431.49*36.*?SO5
90002 DATA 297.203-7423#49-360o-.7505
90004 DATA 64.402,.•478214.635t".47S7
99999 END
RADY.
RUN

76/32/14. +19.541"13"
PROGRAM BETFTA

FOR EXPLANATION LIST 80000
NOW MANY LEVELS?
'3
EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
76
73
DESTINATION?

1 171
3 ?!

14 ?

1 54?2Is?3

1 673
9 1?!I

2 3 ?I2373

COND I T IONALS? (0O SKIP)
? OO
GATI TYPES
t ?

S ?!
2 3?)1
3 1I7

a 1 56.7865 -.6649
2 a 56.5535 -.6649?
2 3 16.9787 -.t6058
3 1 83055.6 -.97032

SYSTEM (ITERATION 1)
ALPHA BLTA E(P) EC(P*P) V(P)

*23055.7676 -.9703 .999999 .999997 .00000000

END OF DATA AT 56

BASIC EXECUTION ERROR

soU 0.740 UNTS.

RUN COMPLETE.
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90000 DATA 23055.8D-.970322.230S5-8..970322
90002
90004
90006
L! ST, 90000

76/12/14. 20.02.03.
PRIGRAM BETFTA

90000 DATA 23055.S.-.970322e23055.6-.970322
99999 tND
READY.
RUN

76/12/14. 20.02.19.
PR06RAM BETFTA

FIR EXPLANATION LIST 80000
HOW MANY LEVELS?
?2
EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
72
DESTINATION?

CONDITISNALS?(0,0"SKIP)
1 000

GATE TYPES
2 1 ? I

2 1 23055s6 -.940644

SYSTEM (ITERATION I)
ALPHA BETA 1(P) E(P*P) V(P)

*23055.6117 -.9406 ,999997 ,999995 .00000000

END OF DATA AT 50

BASIC EXECUTION ERROR

SBU 0.651 UNTS,

RUN COMPLETE.
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PROGRAM CMI

OUTPUT FORMAT 1S
ReOS R.5 ALPHA BETA

COMPONENT CiDE?(ZZ-END)
? ILVL
MISSIN TIME*? COmEND)
? 43800

.997725 .999921 609.7583 -.74t
PTIMEx?
? 0

COPWN4ENT CODE? (ZZaEND)
? ILVO
INPUT OPT I ON
INFIXED CYCLES/MISSION HR. 2SEPARATE

CYCLES"? (0END)
? 1000
MISSION TIME w? CO-END)
? 43800

.995348 .999839 297.2203 ".7413
CYCLES*? (O-END)

COMPONENT CODE? (ZZuEND)
? ILVP
MISSION TIME*? (OsEND)
? 43800

• 973039 .9991 33 493608 -,.7505
tOPTlfME-?

10.00000 19-00000 *43832 710.7167 ".7505
OPTINIEs?
? 0

COMPONNT CODE?(ZZsEND)

WO SUCH COMPONENT
SoU 5044 UNTS9

RUN COMPLETE.
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PROGRAM BET PTA

900 DATA 49*3606*e.15/0
90002 DATA 2850203.*,74*3
90004 DATA 609.7563#.-74)8
99999 END
READY.
RUN

76112/140 tolq), o IS

PROGRAW BETFTA

IR EXPLANATION LIST 80000
HIM IANY LEVELS?
7 3
EVENTS? (LOWEST IRST) (SINGLE ASSUNED AT TOP)?t

DESTINATION?
I 1?S
1 2?3

9 9 ? I

COND TIONALS? (&O0oSKIP)
? 00
SATE TYPES
2 2?1

3 1 2

a 2 565515 -0664897
3 1 9*639'. 8 -9•94461u4

SYSTEN (ITERATION I?
ALPHA BETA t(P) t(P*P) V(P)

*B2639,8109 -*9446 *99999 .999995 .00000000

END OF DATA AT 56

BASIC EXECUTION ERROR

SOU 0.664 UNTS,

RUN CONPLETE,
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90000 DATA 22639*8. -*944614.22639.6-*944614
.99999 END
READY*
RUN

76/11/14o 20,15.0,.
PROGRAM BET TA

FOR EXPLANATION LIST 60000

HOW MANY LEVELS?

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
?2

DESTINATION?

| 2?1

CONDITIONALS? (008SKIP)

GATE TYPES
2 I?1

2 1 22640.3 -.659225

SYSTE" (ITERATION 1)
ALPHA BETA E(P) ECP*P) V(P)

$22640.3107 -.8692 .999995 .999990 *00000000

END IP DATA AT 56

BASIC EXECUTION LRROR

SI4U 0.665 UNTS*

RUN COMPLETE*
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PROGRAM Compt

OUTPUT FORMAT 1S
ROOS Res ALPHA 9ETA

COMPOENT Cost? C ZZUENO)
? Eve
DES1GN CYCLE LIPE.OP* LiftsMISSION DURATION
1 6359*16.3,43800
I NPUT OPT ION
1sFIXED CYCLESlOPoHRov2w~tPAPATlE

CYCL9S.? (O&Np)
I 63S9
14I3SION TIMtaOP. TIME (0.0sgN09
? 43800.16.3
*976315 .996876 01.6099 ft4650

CYCLf!ZSe? (OSENO)
170

COMPONENT CODE? cZZst*D)

DESIGN CYCLE LIFE# er. LIME MISSION DURATION? 6339*16*3*43800
INPUT OPTION
I uPI XE.D CYCLESVOP .HR * D2aSEARATE

CYCLES=? (0utND)
? 6339
MISS1OH TlME.*op TIME como04w09
? 43600#16*3

.675973 .993463 14*103, .464?CYCLES. (OmEND)
?70

COMPONENT CODMZZwEND)
I ILVO
INPUT OPTION
1*PIXED CYCLEUiMZSION R.. RuSEPARATE

CYCLES.? (0800)
? 1000
MISSION TIME a? COmEND)
? 43800 .93, *?3o 79

CYCLES.? (OwENS)
7 0

COMPONENT C9D?ZZa9E)
? ILVP
MISSION TIMEs? (0'END)
? 43600

*973039 .999133 49.3606 "4?S5OPT I E.?
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PROGRAM DETFTA

90000 DATA 81*6099s-*46S14*1175#.*4647
90002 DATA 297.2903#--7423m4903608v-.7505
90004 DATA 81.6099#°.465hl4.ll7S'*-4647
99999 END
READY.
RUN

76/12/14a. 20.27.10
PROGRAM BETFTA

FOR EXPLANATION LIST 60000
HOW MANY LEVELS?
?73

EVENTS? (LOWEST FIRST) (SINGLE ASSUNED AT TOP)
? 6
? 3

DESTINATION?
SI ? I
I 2?1
1 3 ?
I 4?2
i 5 ? 3
1 6?3
2 1 ? I
2 2?
2 3?I
CO4ITIONALS?(0OO8SKIP)
? 0.0
GTE TYPES

2 1 ? I
2 2? I
2 3?I
3 1 ?2

2 1 16o3811 -.267999
2 2 56.5515 -. 664697
2 3 1603811 -0267999
3 1 5656.39 -0"46512

SYSTEM (ITERATION 1)
ALPHA BETA E(P) E(P*P) V(P)

5656o3929 -.9465 .99T991 o999981 .00000000

END OF DATA AT 58

BASIC EXECUTION ERROR

SOU 0.744 UNTS.

RUN COMPLETE.
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PROGRAN BKTFTA

90000 DATA $6S4*39t9*-*946S.
90002 DATA 5656*3929M.946S
90004 DATA S656*399s.946S
90006 9ATA 56S6*399j-946S
90003 DATA S46.399.9465
90010 DATA S6S6*39t9.-*9465
90011? DATA 5SS*63999*-99465
90014 DATA S46.3929*..946S
90016 DATA 5S6*3929&'.9465
90018 DATA S634.399.-9465
90090 DATA 5S6*63929*-*9465
90022 DATA 5654.939eV-*%46S
90024 SAV~A 565.3VS9*-*946S
90096 DATA 56S6*39S9*..946S
MISS2 DATA S56.391?9*.9465
90030 DATA S*S6.3929*-*946S

99999 E~ND
READY.
90039
RUN

76/12114. 210936*1S.
PROGRAM BETrTA

MI EXPLANATION LIST 60000
NOW NMY LEVELS?

EVENTS? (LOWEST rIRST) (SINGLE ASSUM AT TOP)
? 16
DRSTINATION?

S ?I

1 3?I
1 4? I

1 SI
1 6 ? I

1 9?I
I10 to I
1 1I ? I
I it ? I
1 13 ? I
1 14 ? I
I Is ? I
1 16? 1

A- 60



CfNDITIONALS?(0O0SKIP)
? 0.0
GATE TYPES
9 1 T 3

2 I 353.03 -.9465

SYSTEM (ITERATION I)
ALPHA BETA (P) 5r(P*P) V(P)

353.0303 -.9465 .9f ' .999698 -00000043

PROGRAM CONPI

OUTPUT FORMAT I S
ROOS Re5 ALPHA BETA

CONPONENT CODE? (ZZSEND)
? IL VL
SUBSCRIPT ERROR AT' 209

BASIC EXECUTION ERROR

SBU 5.498 UNTS.

RUN CONPLETE.
RUN

1613114. 20.42.40.
PROGRAM COP I

OUTPUT FORMAT IS
R.OS R.5 ALPHA BETA

COMPONENT CODE? (ZZxEND)
? ILVL
MISSION TINEs? (OmEND)
? 43600

.991'35 .999911 609.153 -7418
OPTINEw?
? 0

CiSWNENT CODE? CZZaEND)
? ZZ
NO SUCH COMPONENT

53IU 5.594 UNTS.

RUN COMPLETE.
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90000 DATA 2*640.3.wohqg23
"ORDATA 2@56.904

9*04 DATA 353,p03*..4os
9006 DATA 609-7583,-.7418
vot,, END
READY*

FOR £KPLA#4ATIgaN LIST 60000
HSU "my LIVELRP

RVENTS? (L@W9ST PIRST) SNLASUW TTP

DE~ST INATION?
I I ? I
I a ?
1 3?:
I -i?I

COWITSWALSC0.0w~xJp)

SATC TYPES

SYSTEM (ITgsATIeWj 1)
ALPHA 11Th t(p) *) V(P)
518*3606 -. 6,;o 999419 4964g39 O00a

END OF DATA AT So
BASIC 19ICUUSN ERRSR

sou 0.664 UNT5.

RUN COMPLETE,
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PR@SRA04 COMP I

OUTPUT FGR14AT I S
R,-05 Res ALPHA BETA
COMPONENT CODE? (ZZwFMN)
7 ITL
MISSION TIWE.? (OnEND)
? 43800

'992756 *99,0531 11~6696 0,65S0
OPT! MEn?

COMPONENT CODt? CZZw9ND)
? FL
UPTIMEm? COmEND)
?17
o999997 0999999 *1536763o1664 3.27924

? 43800
0991278 .99*699 595.6472 t.2727

OPT IWE.?

COMPONENT CoDE? (Z.END)
? ZZ
NO SUCH COMPONENT

Sou 5.5ig UNTS.
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PROGRAN BETFTA

90000 DATA 216.6496*.-65S
90009 DATA 518.361,..698041
90004 DATA 595.6472a,24-77.
90006 DATA 216.6496#.-65#
9006 DATA 516.361,*.69641
90010 DATA 595.5472*.-227
99999 END
READY.
RUN

76/12/14. 2.44.06.
PROGRAN BETFTA

FOR EXPLANATION LIST 80000
HON MANY LEVELS?
? 3

EVENTS? (LOWEST FIRST) (SINGLE ASSUNED AT TIP)
? 6
? 9

DESTINATION?

1 3?1
1 4?a

1 6 ?2

CSNDITINALS?(U*OUSKIP)
1 0,0
GATE TYPES

3 1 73

2 1 433.90 2.32651
a a 433.906 2.32651
3 I 215.678 2.32655

SYSTEN (ITERATION 1)
ALPHA BETA E(P) E(P*P) V(P)

215.1779 2.3266 .964893 .970062 .00006726

END OF DATA AT 58
BASIC EXECUTION ERROR

53U 0.710 UNTS.

RUN COMPLETE.
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PRGGRA" COMPS

OUTPUT rORNAT IS
ROOS RoS ALPHA BETA

COMPONENT C@Dti CZZOEND)
? PR
PRESS. TINES? (OsEND)
? 43600

.96119, .996116 92.5960 f*S6ti
PRESS. TINE8?

CONPONENT CIDL? (ZZ8UEN)
? FrL
WTINEs? (OwEND)
? 4380000HJ
TOO MUCH DATAD RETYPE INPUT AT 2002

? 43800
.991278 o996699 595.6472 2.2727

OPTIM~m?
7 0

COMPONENT CNDE?CZZmEND)
? II
PRESS* TINES? COEM)
? 43600

9685959 *999601 93*6530 W*7616
PRS. TINES?

? 0~

NS SUCH COMPONENT

sou 5.540 UNTS.

RUN COMPLETE.
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ow- PROGRAM BETFTA

90000 'DATA 92*526#-*5691
90009 DATA 595.647229.727
90004 DATA 93*853*-.7616
90006 DATA 92.526*'.5621
90008 DATA 595.8472*8.2727
90010 DATA 93-853*-*7616
99999 END
READY.
RUN

76/12/14. 21.52.01.
PROGRAM 8ETFTA

FOR EXPLANATION LIST 60000
HOW MANY LEVELS?
? 3
EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)? 6

DESTINATION?
I I ? I
1 2?I
I 3O? I
1 4?2
1 5 ?2
1 6?12

2 ?!I

CNNDITISNALS?(0*00UKIP)
? 000
GATI TYPES
2 ! ? I
2 27 I
3 1?3

2 1 146.623 .679254
2 2 146.693 .679254
3 I 72.5959 .879307

SYSTEM (ITERATION I)
ALPHA BETA E(P) E(P*P) V(P)

72.5959 .8793 .975100 .951136 .00031748

END OF DATA AT 58

BASIC EXECUTIIN ERROR

SBU 0.715 UNTS.

RUN COMPLETE.
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PROGRAM BETFTA

90000 DATA 72.5959#.879307,215.8779,2.3266.45.8284,.4617
90002 DATA 32°9964.-.3231
99999 END
READY.
RUN

76/12/15. '10.40.17.

PROGRAM BETFTA

FOR EXPLANATION LIST 80000

HO MANY LEVELS?
? 3

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
?4
?2
DESTINATION?
I I ? I

I 2 ? I
I 3?2
I 4? 2
2 ? 1
2 271

C9NDITIONALS? (0,OzSKIP)
? 0.0
GATE TYPES

2 1 ?1
2 2?)

3 1 7 3

2 1 96.3122 3.01566
2 2 39.3327 1.08707

3 1 46.939 3.01716

SYSTEM (ITERATION 1)
ALPHA BETA E(P) E(P*P) V(P)

46.9390 3.0172 .922682 .852689 *00134716

'END OF DATA AT 58
BASIC EXECUTION ERROR

SBU 0.709 UNTS.

RUN COMPLETE.
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PROGRAM CONPI

OUTPUT FORMAT 1S
Roos Ros ALPHA BETA

COMPONENT CSDE? CZZs END)
? Imp
DESIGN WPe LIFE=?
? 16.3
OPTIMEs? (OwEND)
? 16.3

.999960 .999983 *159499.4359 3.0381
SPTI NE.?

COMPONENT CODE? CZZNZND)
? ISP
SAME AS 13L
MISSION TlftLn7 COEEND)
? 43500 

-3 8.999975 *990879 1139*0376 -35
OPTIMEs?

COMPONENT CODE? ZZmEND)
? MET
THRUSTER CYCLES & OPeTINE
INPUT OPTION

InFIXED CYCLES/@PoNRoo BaSEPARATE
? 3
CYCLES=? (OwEND)
? 6359
OPTIME.? (OuEND)
? 16.3

0976194 .994999 11142439 -.1255
CYCLES.? (OOEND)
?70
COMPONENT CSDECZOuND)
? COP
DESIGN CYCLE LIPI.ClLf' START LIPE.WoPLIFE?
? 6348#IE-6*1.75
CYCLES#COLD STARTS.OPe TIME* (TOOSEND)
? 634S.IE-6#1.?5

0995006 .999999 406.0112 -.4321
CYCLES#COLD STARTS#OP. TIME* (ToOmEND)
? 0000
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COMPONFNT C9OE?(ZZsEND)
? CBS
DESIGN CYCLE LIFEsCOLD START LIFE#SP. LIFE?
? 11,IE-6*14.55
CYCLESsCfLD STARTSsOP. TIME* (TuOsEND)
? It *IE-6014*S5

*956334 *997729 162-4395 -.3392
CYCLESsC9LD STARTS.OP. TIME* (TwOEND)
? 0*0.0

PROGRAM BETFTA

90000 DATA 159499.4352.3.0381
90002 DATA 408.0112.-.4321
90004 DATA 162.3395*-.3392
90006 DATA 3139.0376*-.3864
90008 DATA 111.2439,-o1255
99999 END
READY.
RUN

76/12/14. 21.33.44.
PROGRAM BETFTA

FOR EXPLANATION LIST 80000
14W MANY LEVELS?
? 9

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
? 5

DESTINATION?
I 1?
1 2?I
I 3?I
1 4 ? !
1 5?!

COND! TIONALS? (0M0=SKIP)
? 0.0
GATE TYPES
2 1 ? I

9 1 136&572 .659358

SYSTEM (ITERATION 1)
ALPHA BETA EC(P) E(P*P) V(P)

136.5725 .8594 .96665 .973601 .00009369

RUN COIMPLETE.
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PROGRAM COMPI

OUTPUT FORMAT IS
R*05 R.5 ALPHA BETA

COMPONENT CODE?CZZ.END)
? IMF
DESIGN OP. LIFE*?
? .5
UPTIMEu? (OzEND)
? .5

0999999 0999999 *5:99715-3910 3.0381
*PTIMEu?

COMPONENT CODE?CZZvEND)
? CBP
DESION CYCLE LIFE#COLD START LIrE*OP.LIFE?
? 3100.iE-6001,
CYCLESoCOLD STARTSDOP. TIME. (TwO.END)
? 3100*IE-6*.1

o997575 4999660 841.1969 .4397
CYCLES#COLD STARTS.OP# TIME* CTaOsEND)
? 0.000

COMPONENT CODE?(CZZ*END)
? CBS
DESIGN CYCLE LIFE&COLD START LIFE#OP, LIFE?
? 2#1E-6**4
CYCLESPCOLD STARTS#OP. TIME* (TUOSEND)
? 2*IE-6#.4

.999564 4999928 51484378 -e3394
CYCLES&COLD STARTS#OP# TIME* (TsONEND)
? 0.000

COMPONENT ('ODE? (ZuEND)
? ISF
SAME AS ISL
MISSION TIME.? (DuEND)
? 43600

.999278 .999879 3139.0376 .3284
8PT IKE.?
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CONPONENT CODE?(ZZaEND)
? MET
THRUSTER CYCLES & @P*TINE
INPUT OPTION
1=FIXED CYCLES/BP.HR.. 2aSEPARATE
?2
CYCLESu? (OxEND)
? 3102
OPTIME-? (OzEND)
? .5

•976573 .994965 114.7671 -. 1112
CYCLES=? (OxEND)
? 0

90000 DATA 5199715.39.3.0381
90002 DATA 841.1969,-.4327#5145.0376..3394
90004 DATA 3139.0376.-.3284.114.7671,-.1122

99999 END
READY.
RN ''
ILLEGAL COMMAND.
RUN

76/12/15."11*34.25.

PROGRAM BETFTA

FOR EXPLANATION LIST 80000
HOW MANY LEVELS?
? 9

EVENTS? (LOWEST FIRST) (SINGLE ASSUMEC AT TOP)
? 5

DESTINATION?
I I?
1 2?
1 3 ? I
I 4?

1. 5? I
CONDITIONALS?(O,OSKIP)
? 0.0
GATE TYPES
2 1 ? 1

2 1 130.359 .160562

SYSTEM (ITERATION 1)
ALPHA BETA E(P) f(P*P) V(P)

13043587 "1606 .991242 .982626 .00006502
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PROGRAM CSMPI

OUTPUT rORMAT 1S
ROOS ReS ALPHA BETA

COMPONENT CODE? (ZZ*ENO)
? ISL
MISSION TinEs? (0-END)
? 43600

.999978 .999179 3139.0376 -.3284
OPTIME.?

COMPONENT CSDE?(ZZ=4ND)
? EVLS
MIS3SION TiME. OPTIME.? (0.0-END)
1 43800.16.3

.996942 0998975 3*483519#6 3576.03
MISSION TIME. UPTIME.? (0OOLND)
? 000

ComOT CODE? ( ZZ.et)
? ILV9
IwPUT OPTION
IOPIX90) CYCLES/MISSION MR*. RSEPARATE

CYCLES.? (OnEND)
? 1000
MISSION TIME a? (oENDa)
? 43600

9995348 o999839 9974203 -.7423
CYCLESu? (OEfoo)
?70
COMPONCHT CODE?(ZEngo)
? Eve
DESIGN CYCLE LIPE.OP. Lirtoosis5Ig DuRtATION
? 6359&.16-3*43800
INPUT OPTION
I inIXED CYCLES/f,'O.R. .ISEPARATl

CYCLES.? (0-END)
? 6359
MISSION TIM49e.P- TIME (0osoEND9
? 43600.16.3

ot76313 0996676 8106099 -.4650
CYCLtSm? COvEND)
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COMPONENT CODE?(ZZUEND)
? EVP
DESIGN CYCLE LIFE* OP. LIFE* MISSION DURATION
? 6359
NOT ENOUGH DATA# TYPE IN MORE AT 961
? 16o3,43600
INPUT OPTION
I"FIXED CYCLESIOP .HR * . uSEPARATE
1 9

CYCLES'? (OEND)
? 6359
MISSION TIMEOP* TIME (0,0uEVD9
? 43800
NOT ENOUGH DATA* TYPE IN "ORE AT 2344
? 16.3

#875973 .982863 14.1175 -.4647
CYCLES'? (O'END)
? 0

COMPONENT CODE? CZZmEND)
? ILVP
MISSION TIME&? (OEND)
? 43800

.973039 ,999133 49.3608 ".7505
OPTIME'?
? 0

CONPONENT CODE? CZZmEND)

? Li
N@ SUCH COMPONENT

SoU 5.594 UNTS.

RUN COMPLETE.
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PROGRAM BETFTA

90000 DATA 29"/2203a**7423#49e3608*-o7505
90002 DATA 81,60 9 9 #-e 4 6Su14e117Sj*.464 7

90004 DATA 297-2203#**7423,49.3608*.-7505
90006 DATA 3483510,3576#3483510#3576
99999 END
READY*
RUN

76/12/14. 21*12.42.
PROGRAM BETFTA

FOR EXPLANATION LIST 80000
HIW MANY LEVELS?
? 4

EVENTS? (LOWEST FIRST) (SINGLE ASSUNED AT TOP)
? 6
? 5
? 3

DESTINATION?
I ?2

I ?2
1 3?3
1 4?3
1 5?4
1 6?4
2 1?2
9 2?e
2 3?3
2 4?3
2 5?3
3 1 ? I
3 2?I
3 3?I
CONDITIONALS? (OuSKIP)
? 0.0
SATZ TYPES

2 2?I
2 3 ? 1
2 4 ? 1
3 2 ?
3 372
4 1 ? I
END OF DATA AT 58

BASIC EXECUTION ERROR

SU 0.729 UNTS*

RUN COMPLETE*
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90000 DATA 297.2203-..7423#49-3608,°.7505
90002 DATA 81.6099J**465#14.1175,-.4647
90004 DATA 297.2203.i7423.49.3606-.75O5
90006 DATA 3483510.3S76#34S3510,3S76
99999 END
READY*
90008 DATA 3139.0376#°.3BS4
RUN

76/12/14. 21.17-00.
PRIGRAM BETFTA

FIR EXPLANATION LIST 80000
HOW MANY LEVELS?
? 4

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
1 6
? 5
? 3

DESTINATION?

1 3 ?3

?

2 2 ?
1 2?
3 3?3

1 4?3

3 2?2

3 3?I
CGNDITINAL$? (0OUSKIP)
? 0.0
GATE TYPFS

4 a ? I
2 3? 1
2 47?1
3 272
3 37?2

4 ?

2 2 56.5515 -.664897
2 3 16.3611 -.267999
2 4 56.5515 -.664897
3 2 57713.8 -*657275

3 3 40365. -.870318
4 1 3224.87 -*290107

SYSTEM (ITERATION 1)

ALPHA BETA E(P) E(P*P) V(P)

3224.8715 -.1901 .999780 .999560 .00000001
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PROGRAM CP I

OUTPUT FORMAT IS
RO5 R.5 ALPHA BETA

COMPNENT CODE?(AZaEND)
? HLTV
MISSION TIME=? (O:END)
?. 43800
,992625 •999085 259.9071 -.4869

OPTIMEv?
?0

CONPONENT CBDE?(ZZ=END)
? TCM
DESIGN CYCLE LIFEvEPoLIFET
? 6359#16,KL
TOS MUCH DATA* RETYPE INPUT AT 1141
? 6359.16.3
INPUT OPTION
IsFIXED CYCLES/SP.HR.p 2"SEPARATE
? 2

CYCLES a? (OEND)
? 6359
MISSION TIME*@P. TIME ;O.0sEND)
? 43800.16.3

.997826 .999171 2435.3889 9.3208
CYCLES a? (OuEND)

COMPONENT CODE? (ZZEND)
? IMF
DESIGN CYCLE LIFE. OP*LIFE?
? 6359.16.3
INPUT OPTION
IsFIXED CYCLES/SP.HR.. 28SEPARATE

CYCLES.? (OuEND)
? 6359
OPTIMEs? (COEND)
? 16.3

.998539 .999745 1590 .3687 -.3099
CYCLES-? (OnEND)
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90000 DATA 26 .4266b°.4674,26.4266.-.4674,259.9011,-o486S
90002 DATA 3224.8715D'°2901,2435.3889.2.3208

90004 DATA 1590.8687*-o3022*136o572.8594
99999 END
READY.
RUN

76/12/15.'11.01.14.
PROGRAM BETFTA

FOR EXPLANATION LIST 80000

HOW MANY 6EVELS?
? 3

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
? 3
? 5

DESTINATION?
I I? I
I 27
1 3 ? 1
2 1?)
2 2?)
2 3?1
2 4?
2 5?I
CONDITIONALS?(OO=SKIP)
? 0,0
GATE TYPES
2 1 ? I
3 1 ? 1

2 1 27.4107 .172197
3 1 35.627 1.10484

SYSTEM (ITERATION 1)
ALPHA BETA E(P) E(P*P) V(P)

35.6270 1.1048 .945656 .895559 *00129344

END OF DATA AT 58

BASIC EXECUTION ERROR

SBU 0.752 UNTS.

RUN COMPLETE,
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90000 DATA 3'.627,1 10'48,35.6270 1 °1048
90002 DATA 35.6270,Io1048,35.62700,).1048
90004 DATA 35°6270,1.1048.35-6270,1.1048
90006 DATA 35°6270,1.)048,35.6270 1.1048
99999 END
READY*
RUN

76/12/15."1!.07.19.
PROGRAM BETFTA

FOR EXOLANATION LIST 80000
HOW MANY LEVELS?
? 3 .

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
?8
?2 ,

DESTINATION?
SI 1?I
I 2?1
1 3 ? I
I 4?I
I 5?2
1 6?2
1 7 ? 2
1 8?2
2 I ? I
2 2 ? I

CONDITIONALS? (0.O#xSKIP)
? 0.0
GATE TYPES
2 1?3
2 2?3
3 1 ? ,4

2 1 7.9209 1911015
2 2 7.79209 1o11015
3 1 11.6016 -93287

SYSTEM (ITERATION 1)
ALPHA BETA E(P) E(P*P) V(P)

11.6016 -.3287 .949423 .904769 .00336431
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oll PROGRAM -CiM'PI

OUTPUT FORMAT IS
R-05 R5 ALPHA BETA

COMPONENT CODE?(ZZ=END)
? MLTV
MISSION TIME=? (OsEND)
? 43800

.992625 .999085 259.901 -.4869

OPT IMEw?

COMPONENT CODE?(CZZmEND)
? TCM
DESIGN CYCLE LIFEAOP.LIFE?
? 3102**5
INPUT OPTION
)uFIXED CYCLES/OPoHR*# 2RSEPARATE

CYCLES m? COmEND)
? 3102
MISSION TIME*@Po TIME (0OzEND)
? 43800**5

o998161 .999217 3433.1930 2.9884

CYCLES xT (OsEND)

COMPONENT CODE?(ZZuEND)
? IMF
DESIGN CYCLE LIFE* OP.LIFE?
? 3102#.5
INPUT OPTION
luFIXED CYCLES/OP.HR., 2XSEPARATE

CYCLES.? (OsEND)
? 3102
OPTIMEw? (0mEND)
? .5

.999305 .999884 3259-5010 -.3301
CYCLESs? (0&END)
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90000 DATA 14.64349*.-47855,259o9071,-o4869
90002 DATA 3433.193,2.9884,3259o507a-.330s130.3587jo1606
99999 END
READY.
RUN ..

76/12/15. 12.37.25.
PROGRAM BETFTA

FOR EXPLANATION LIST 80000
NOW MANY LEVELS?
? 3

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
?2
?4
DESTINATION?
I I ? I

1 2 ? 1
2 1?)
2 2?1
2 3?I
2 4?I

CONDITIONALS? (OOOSK IP)
? 0.0
GATE TYPES
2 I?I
3 1 ? I

2 1 15.5557 -. 414498
3 I 19.8296 -4.30613E-2

SYSTEM (ITERATION 1)
ALPHA BETA E(P) E(P*P) V(P)

19.5296 -.0431 .956077 .915925 .00184293

END OF DATA AT 58

BASIC EXECUTION ERROR

SBV 0.701 UNTS.

RUN COMPLETE.
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90000 DATA 19.8296*-*04306*19.8296,'.04306
RUN

76/12/15.' 14.30.49.
PROGRAM BETFTA

FOR EXPLANATION LIST 80000
HOW MANY LEVELS?
? 2

EVENTS? (LOWEST FIRST) (SINGLE ASSUMED AT TOP)
? 2

DESTINATION?
I I ? I

1 2 ? I
CONDITIONALS? C0#0SKIP)
? 0#0
GATE TYPES
2 1?

2 1 9.4P466 -4.30988E-2

SYSTEM (ITERATION I)
ALPHA BETA E(P) E(P*P) V(P)

9.4247 -.0431 .915925 .845139 .00621942
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PROGRAM BETALI

RUN IN DOUBLE PRECISION
PERMIT NEGATIVE BETA?? I

TYPE OF INPUT?
13PARAMETERSP234,ENTS (MEAN A VAR)? I

HOW MANY COMPONENTS?? 4
VALUES? (THIRD VALUE IS COST AF FIRST TEST)? 1"06016,-.3287010
? 9.4247,p-043110
? 11"6016,.3287,10
? 49993903.01T2#1O

DISPLAY COMPONENT VALUES?
?1

Ne, ALPHA BETA E(P) E(P*P) V(P) COST

1 11,60 -. 33 °949423 .904769 .00336433 10.002 9.42 -.04 .915926 .845139 .00621937 10.003 11-60 -.33 .949423 .904769 .00336433 10.004 49.94 3.02 '926902 .860358 *00121086 10.00

FOR SYSTEM

E(R) E(R*R) V(R)

o765268 .595227 *00959154

CLOSURE
,999564 "

LEWER CONF. BOUNDS
80 .6840 90 .6320 95 5870
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EXAMPLE III M-out-of-N Redundance

In addition to standby redundancy (exemplified by the
dual PCC's and Thrusters of the Mercury ion system of Ex-
ample I) a system can employ m-out-of-n redundancy where
n units are all in operation but only m are required for
successful mission completion. There are two types of m-
out-ot-n dedundancy, identical and independent. The iden-
tical case is that in which all (n) components not only
have identical failure rate expectations and variances,
but are of the same type (e.g. compositor resistor of the
same rating and resistance value and hence likely to come
from the same manufacturing lot). The independent case in-
cludes (1) similar components with identical failure rate
expectation and variances, coming from different manufactur-
ing lots and (2) dissimilar components, regardless of their
failure rate and variance values, meeting the m-out-of-n
criterion.

A. Identical M-out-of-N Redundancy

The colloid thruster system presents a good
example of identical m-out-of-n redundancy. Twelve
identical thrust modules make up the thrust unit of
the system. However the system can successfully com-
plete a mission with less than all twelve modules
operating. First the lower bound and median reliabil-
ity, and a and p values for the Colloid Thruster
Module (CTM) component are determined using COMPI.
The reliability at the 8000 operating hour will be
computed.

PROURAM COMP1

OuTPUT FORMAI IS
oO5 k*5 ALPHA BEIA

COMPONENT CODE?(ZZ=END)
? CTM
OPTIME=? (O=END)
? 8000

.952067 .998162 28.0522 -.7334

OPTIME=?
?O0

Program BETSB3 has been developed fo: the Identi-
cal M-out-of-N case and is next used. For the purpose
of this example ten modules of tne total twelve will
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be assumed to be required. Further the component
input data will use the parameter option, that is,
thea and 0 output of CjMPI will be used. (BETSB3
can also accept input information in the form of the
mean value of reliability and the variance). BETSB3
output provides a, 0 , E 1R1, E JR2 and VjRjfor
the subsystem of the twelve modules.

PROGRAM BEISB3

M-OF-N IDENTICAL
RUN IN DOUBLE PRECISION
TYPE OF* INPUT(I=PARAM,2=MEAN&VAR)
? I

HOw MANY COMPONENTS?
? 12
HOW MANY RfEQD?
? 10
VALUES
? 28,0522,-.7334

SUBSYSTEM
ALPHA BETA E(R) EtR*R) V(R)

8.J306 -9700 ,99679445 .99390"157 .00030841

IF NEGATIVE SUBSYSTEM BEIA NOT ALLOWED
SUBSYSTEM
ALPHA BETA E(R) E(R*1,) V(R)

309.9585 .0000 .9967944b .99360938 .00001021

Note the first value of BETA in the output is
negative. This implies a lognormal uncertainty dis-
tribution that has degenerated to a J shape. If for
some application the degenerated lognormal is not per-
missable, the program in this situation sets p equal
to zero (the lowest possible value for p without curve
shape degeneration) and recomputes the other parameters.
The principal differences are in the value of a and
the variance VIR I. The latter parameter will always
be understated if the constraint of p;0 (non de-
generate log normal uncertainty distribution) is ap-
plied. The degree of understatement will vary from
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case to case.

B. Independent M-out-of-N Redundancy

Program BETSB2 was developed to address the
independent M-out-of-N case. It was developed to
present the complete M-out-of-N situation, even though the
systems included in this study do not employ such a
configuration. For the purpose of presenting a com-
parative example the colloid thruster module (CTM) used
in example IIIA will be used here AS IF the independ,
m-out-of-n criteria had been met.

PROGRAM BET SB2

M-OF'-N, INDEPENDENT
RUN IN DOUBLE PRECISION
TYPE OF INPUT(I=PARAM,2=MEAN&VAR)
? I

HOW MANY COMPONENTS?
? 12
HOW MANY REQ'D?
? 10
SAME PAkAMS?(!=YES,0=NO)
? I

VALUES?
? 28.05 2.-*7334
SUBSYSTEM
ALPHA BEIA E(H) E(R*R) V(R)

*1498.6459 -.'i667 .99984445 .999689031 .00000010
1498.65

IF NEGATIVE SUBS"'TEM BETA NOT ALLOWED
SUBSYSTEM
ALPHA BETA E(H) ERW*R) V(R)

*6426.8587 .0000 .99984445 .999688951 .00000002
6426.86

Again a negative value for BETA resulted, and as
in BETSB3, the p_ 0 alternative *as computed and
presented.
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APPENDrX B

AGGREGATES OF EETA -- DISTRIBUTED 7ARIATES

Consider a set of N stochastically independent events
whose probabilities of occurrence (nonoccurrence) are rep-
resented by Pi (i-Pi = 9i), i = 1, 2. ..... N. Suppose
that the Pi (9i) are themselves Beta - distributed random
variables, so that the probability density function for Pi
may be written

r(a + .+2)
S1a

f(Pi )
F(ciei+l) 1 -P i  , i >-

where the i may, but need not, be alike for some or all
i. It is sellknown that

E J jCei+l

E )Pi2( P ( + 1 )  (ei + 2 ) (3)

(a +f3+2) (a+3.)

where E) I denotes the expected value of the variable in
braces.

We shall be interested in the probabilities of occurrence
of higher-level events bearing known relationships to the
event sets under consideration. Specifically, we shall con-
sider three relationhhips of special interest in reliability.
Letting Pi represent the probability of occurrence of
"Success" of the i tP component and R the probability of
occurrence of A higher-level event (the "success" of an
aggregate of components corresponding to the N events), we
have

N

R Pi= 1 i (4)

corresponding to a "series" (N - of - N) system,
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N

R =1

corresponding to a 'redundant" (1 - of - N) system, and

N

R (Nx x 9 NX , ieP= = (6)X=M

corresponding to at "M - of - N redundant" system (of N
like components.

In each case, we shall desire a distributional descrip-
tion of R in addition to E IRT and the variance V JR1

The relationship between the P. and R involves further
independence considerations. If thi P. are distributed
differently or identically ajnd independently fi.i.d.) the
series case is

N N

ERI= E = i=l- (7)

a i+ Pi+2

N (%il) (ai+2)

E R2 ~ E EP~ - (8)
(a +- (iP+2) (a+ 3

and, as in all cases, the[variance is

V{R)- E{R21 (9)

It is known that Beta-distributed P. do not lead
to a Beta-distributed R, and exact description-ind evalua-
tion of the distribution of R are cumbersome at best. For
integera. and P., exact evaluation is possible through a
Mellin iAtegralltransferm described by Springer and
Thompson . The results for a number of cases have been
compared to those obtained by fitting a Beta-distributed
to E IRI, V {R1 and performing numerical integration; the
cumulants generally agree to three decimal places or better.
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We regard the fitting of a Beta distribution as satisfactory
and appropriate. The fitting process is straightforward;
writing

I(A+B+2). RA ( B-R)B
S (A+ ) (B+I)

*

we have

For the redundant (1 - of - N) case with the P.
independent 1

N [1E1~ ] = I EN~ i1(12B=1 1 E - E.1 2 (10)
[B,, ~~ ~ E{9 IR 11

:1 l l
- -  N

N N

N Oi+l N (f3i+l) (pi+2)
= 1-2 FI'.+ 13i+2  + n1k

i-- 1 1 i=]i +Pi+2) (ai+i-3) (13)

Since the distributiions of R and (1 - R) are per-
fectly symmetrical, with EIRI = 1 - ElI - RI and VIRI =
V jI.- R1 , the validity of the approximation for the
series case is not impaired in the redundant case.

* Under some conditions, this procedure leads to B<D
(ur A<O), implying that the behavior of f (R) near R = 1
(9 = 0) is inconsistent with the component p.d.f.'s
if all B i 0 (all'D >0) If this is unacceptable, set
B = 0 (A 0); thii also results in an arbitrary reduction
in V R
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Of interest also are the relationships involving inde-
pendence of occurrence, but not of prior probabilities of
occurrence. By this is meant that for any two events, say
the success events J and K among the N events,

PK Ij " = K

but

P =P.
K

where PK and P remain Beta-distributed random variables
,.(i..e.,,. a , B = B. ). A physical example of such a
situatin woAid Krise if a subsystem involved two pyro-
technic devices drawn from the same production lot, the
reliability of devices from that lot being unknown but
constituting a random sample from a Beta distribution
describing the lot-to-lot variation in reliability. The
corresponding models are not restricted to two such devices,
for the series case,

E {R} = E PiN  =N a+i (12)
[1 a+ 1+i+l

i=l

2N

E {R2} = E {Pi2N} =e +j (13)+ +i+(13)
i=l

where a= = a2 = .... =aN 1 2 " N'

Similarly, for the redundant (1-of N)case

N

E = 1 - E - 3l(14)
, i=l 0 + +i+l

E =R2 1-2[1-E )R + E ((lR )2  =1-2E {9 N} + E (2 (15)_J+1
1-2 1 a + 0 +i+l

i=lB
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Among the interesting consequences is that the series-
case EIR} is greater for identical than for i.i.d. components,
while the converse is true in the redundant case.

It should be noted that combinations of identical with
different or i.i.d. components can be handled by applying
the procedure in two stages.

The M-of-N redundant case with different or i.i.d.
components i more complex due to nonzero covariance terms
associated with the various "success" outcomes, even though
the components as such are independent. To illustrate this,
consider a three-component aggregate with 2-of-3 redundancy.
Let the component non-failure events be denoted by J,K,L with
P(J) = P., P(K) = Pk P(L) = P1 and the system success
event S ith P(S) . Then '

S=(JnKnL) v (JnKnL) v (JniKnL) v(JnKoL)

R=P j* Pk'P1+ 9jPkP+Pi 9kP +PPk9l

Since J,K and L are independent,

EtR = EJPJ. EIPk1. EIPlj+ E19j.EJPk ":IP11

+Elpjf. Elg} EjPjj+ EjPjj . EjP I A191

19k kij- -191

but

VJRf- V1l-RI VjsPkP 1 9 i kP0

+ V{P j9 k P 0 {P jP k 91 i

rather,

VIRj= Vjl-RVj V{PjPkPl}+ V 9jP k P 0

+ VjP j9 k P l+ V P iP k9 1

+ 2 COV I Pj kPl' 9jk }11
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+2 cov PiP kPir 9 k P 11

+2 C~y ~(16)

+2 COV 9 Pk pt k91

+2 COV P 9k tP 'k91

Additional notation is useful in generalizing this.
Denoting by Y the number of distinct success states in
M-of-N reduncancy,

N
Y=E MN

Let s, t be the indices of any two of the Y distinct
success states, and R (R ) the probability of occurrence
of the s'th (t'th) sugh state. Then

V JR}=VE R4=E {R 5 l+2 L 1 COV(RsRt) (18)
s=l s=l s41 t-s+l

where

COV {RsRt} = E{RSRt - E{Rj EjRt (19)

now define

h (i,r) - 1 if the r'th success state implies (20a)
component success I

h (i,r) - 0 if the r'th success state implies (20b)
component failure I

For example, if the r'th success state is defined by JnKnL,
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h(j,r) = 1

h(k,r) = 1

h(l,r) = 0

then

N h ,qtit)2-h0-, s) -h (i, t)
E {RRt=f [hji )thi t +x) n1 ( 13;+x)] (21)

i= x=l x=l

where
0 0

PJ* (ai+X}= ( {3 i+X) = 1
X=l x=1

N (C+) h(i,r) i+ l-h (i,r)] (22)

i=l = +2

V i=r (a [ i + ( i +2)(air+[(i+l+}]1hi''
N

E i= + (- i+I+2)(a.+0.+3)

(23)
allowing evaluation of (19) and (18). Of course,

N

r=l 
(24)

Obvious computational simplifications are availablewhen the components are i.i.d., but care must be exercisedbecause E R R depends on identity/nonidentity of thefailed/unfafl~d components in the s'th and t'th states. Forexample, if the 2nd state is defined by J K L, the 5th byJ K L, and the 7th by J K L, usually

E{R 2R5  + { 2 R 7}

(This example is chosen for simplicity; normally l-of-3redundancy would be evaluated as an ordinary redundant case.)
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There remains the M-ofN redundant case for identical
a6mponents. Expressions (18), (19), anJ (24) remain valid,
but (21) - (23) are replaced by different (and simpler)
forms.

Count the number of component successes in the s'th
and t'th case and denote these by Hs and Ht, respectively;
i.e.

H = h (i,s)
s i-i

N
Ht - h (i,t)

then

H +H 2N-HsHt  2N

E{RsRt4= n ( U+i) H] (0-+i)" H 1 (25)

i=11 i=! i=l (+ P+i+l)

where again

H_ N-Hr  NE {R}= fl ( +i)" f (j3+i)' f 1 (26)

i=].i~l =l a + 0 +i+l)

2Hr  2(N-H ) 2N

VRr= (a +i) ( i 1 (27)

i=l Pi--i i=l ( + +i+l)
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This bibliography is designed to enlighten the reader as to
documents that are available in the field of reliability estimation
procedures for electric and thermochemical propulsion systems.
The bibliography is divided :nto eight separate sections:

• Electric (Ion)
. Electric (Colloid)
* Electric (Pulsed Plasma)
• Electric (General)
• Thermo-Chemical (Electro-Thermal Monopropellant)
* Thermo-Chemical (Catalytic Monopropellant)
* Thermo-Chemical (Bipropellant)
. Thermo-Chemical (General).

Within each section, the documents are subcategorized by the source
(company, agency, or organization) which authored them. This sub-
categorization was selected in order to help the reader obtain any
documents he may wish, directly from the source responsible for
them. This is especially helpful in the cases of papers authorized
by an organization for either publication separately, as part of a
conf'rence, or within a journal. All documents in these subcate-
gories are then arranged alphabetically by title.

Note: All bibliographic citations that are followed by an asterisk (*)
refer to documents that were obtained in perfor-
mance of this contract.
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sion Conference, Williamsburg, Virginia, March
1969.

"Characteristics of Micropound Range Ion Thrusters,
R. M. Worlock, et al., AIAA Paper 66-212, Pre-
sented at the AIAA 5th Electric Propulsion Con-
ference, San Diego, California, March 1966.

"A Contact Ion Microthruster System, " R. M.

Worlock, et al. , AIAA Paper 67--80, Presented at

the ALAA 5th Aerospace Sciences Meeting, New
York, New York, January 1967.
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3. Papers (Continued)

"Current Technology in Ion and Electrothermal

Propulsion, " R. C. Finke and C. K Murch,
AIAA Paper 73-1253, 1973.

"Design, Fabrication and Operation of Dished Ac-
celerator Grids on 30 cm Thrusters, " V. K. Rawlin,
B. A. Banks and D. C. Byers, AIAA Paper 72-486,
April 1972.

'"Design of a Mercury Propellant Storage and Dis-
tribution Assembly, " L. B. Holcomb and J. R.
Womack, AIAA Paper 73-1119, Presented at the
AIAA 10th Electric Propulsion Conference. Lake
Tahoe, Nevada, October 31-November 2, 1973. *

"Design and Test of Porous Tungsten Mercury
Vaporizers," W. R. Keralake, AIAA Paper 73-484,
April 1972. *

"Development, Integration and Testing of a 30-cm
Thruster/Power Conditioning and Control System,"
B. G. Herron, C. R. Collett and D. R. Garth,
AIAA Paper 72-509, 1972.

"Development and Long Life Performance of Ion
Engines for Satellite Control," J. R. Anderson and
S. A. Thompson, Contract Number 3-7927, Paper
66-234, Presented at the AIAA 5th Electric Propul-
sion Conference, San Diego, California, March 1966.

"lThe Development of Microthrusters in France
Under the C. N. E. S. Authority, " J. P. Pujes,
AIAA Paper 70-617, Presented at the AIAA 6th
Propulsion Joint Specialist Conference, San Diego,
California, June 1970.

"Durability of a Five-Centimeter Diameter Ion
Thruster System, " S. Nakanishi, AIAA Paper 72-
1151. Presented at the AIAA/SAE 8th Joint Propul-
sion Specialist Conference, New Orleans, Louisiana,
November29-D, ember 1. 1972. •
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3. Papers (Continued)

"Effect oi Facility Bacisputtered Materii On Per-
formance of Glass-Coated Accelerator G-Hs for
Kaufman Thrusters," R. T. B,. ,cel, et a", AIAA
Paper 71-156, Presented at the AIAA 9th Aerr.space
Sciences Meeting, New York, Ne w York, January
1971.

"Endurance Testing of a 30 cm Kaufman Thrusr."
C. R. Collett, AIAA Paper 73-1085, Presented at
the AIAA 10th Electric Propulsion Conferenca, Laltl.
Tahoe, Nevada, October 31-November 2, lS7-3.

"An Engineering Model 30 cm Thruster, " R. L.
Poeschel, H. J. King and D. E. Schnelker, AIAA
Paper 73-1084, November 1973. *

"Experimental Mercury Bombardment Thruster at
- 13/ Millipound Thrust," W. R. Kerslake, J. F.
Wasserbauer and P. Margosian. AIAA Paper 4,
Volume 5, pages 683-691, April 1967.

"Experimental Performance of a Low-Thrust, Diver-
gent Flow, Contact-Ionization Electrostatic Thruster,"
J. F. Staggs and W. C. Lathern, Paper 66-569, Pre-
sented at the AIAA 2nd Propulsion Joint Specialist Con-
ference, C-lorado Springs, Colorado, June 1966.

"1A Hollow Cathode Neutralizer for a 30 cm Diameter
Bombardment Thruster, " R. J. Bechtel, AIAA
Paper 73-1052, November 1973.

"Hollow Cathodes with BaO Impregnated, Porous
ngsten Inserts and Tips," W. R. Hudson, A. J.

Weigand, Lewis Research Center, AIAA Paper 73-
1142, Presented at the AIAA 10th Electric Propul-
sion Conference, Lake Tahoe, Nevada, October 31-
November 2, 1973. *

"Investigation of Hollow Cathode Performance for
30 cm Thrusters, " AIAA Paper 73-1138, Presented
at the AIAA 10th Electric Propulsion Conference,
Lake Tahoe, Nevada, October 31-November 2, 1973. *
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3. Papers (Continued)

"Investigation of Mercury Thruster Isolators," M. A.

Mantienicks, AIAA Paper 73-1088, Presented at the
AIAA 10th Electric Propulsion Conference, Lake
Tahoe, Nevada, October 31-November 2, 1973. *

"Ion Propulsion Flight Experience, Life Tests and
Reliability Estimates," J. H. Molitor, AIAA Paper
73-1256, Invited Paper Presented at AIAA/SAE
Propaision Conference, Las Vegas, Nevada, No-
vember 5-7, 1973. *

"Ion Thruster ESKA 8 for North-South Stationkeeping
of Synchronous Satellites," G. F. Au, S. F. J.
Baumgarth, Germany, AIAA Paper 73-1129, Pre-
sented at the AIAA 10th Electric Propulsion Con-
ference, Lake Tahoe, Nevada, October 31-Novem-
ber 2, 1973.*

"Life-Limiting Processes in Mercury Electron-
FRmbardment Ion Engines as Determined [rom
j.rosion Tests, " R. F. Kemp, D. S. Goldin, W. P.
G.:Adst,,!in, AIAA Paper 73-1110, Presented at the
AIAA 0th Electric Propulsion Conference, Lake
Tahoe, Nevada, October 31-November 2, 1973. ,.*

Magneto-Electrostatically Contained Plasma Ion
Thruster, " R. D. Moore, AIAA Paper 69-760, Pre-
sented at the AIAA 7th Electric Propulsion Conference,
Williamsburg, Virginia, March 1969.

"Measurement of Beam Divergence of 30 cm Dished
Grids," R. L. Danilowicz, et al., AIAA Paper 73-
1051, November 1973.

"Measurement of Double Charged Ions in the Beams
of a 30 cm Mercury Bombardment Thruster, " R. P.
Vahrenkamp, ALAA Paper 73-1057, November 1973.

"Measurement of the Ion Thruster Exhaust Charac-
teristics and Interaction with Simulated ATS-F Space-
craft," R. Worlock, G. Trump, J. M. Sellen, Jr.,
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3. Papers (Continued)

R. F. Kemp, AIAA Paper 73-1101, Presented at the
AIAA 10th Electric Propulsion Conference, Lake
Tahoe, Nevada, October 31-November 2, 1973. *

"Mercury Vapor Hollow Cathode Component Studies,'
D. Zucarro, AIAA Paper 73-1141, Presented at the
AIAA 10th Electric Propulsion Conference, Lake
Tahoe, Nevada, October 31-November 2, 1973.*

"A 9700-Hour Durability Test of a Five Centimeter
Diameter Ion Thruster, " S. Nakanishi and R. C.
Finke, AIAA Paper 73-1111, November 1973.'

"A Noble Gas Ion PropuL ion System, W. L. Owens.
Jr., AIAA Paper 73-1114, 1973.*

"A North-South Stationkeeping Ion Thruster System
for ATS-F, E. L. James, et al., AIAA Paper 73-
1133, Presented at the AIAA 10th Electric Propul-
sion Conference, Lake Tahoe, Nevada. October 31 -

November 2. 1973. *

"A One Millipound Cesium Ion Thruster System,
E. L. James, et al., AIAA Paper 70-1149, Pre-
sented at the AIAA 8th Electric Propulsion Con-
ference, Stanford, California, August 31-September
2, 1970. *

"One-Millipound Mercury Ion Thruster," J. Hyman,
Jr., C. R. Dulgeroff, S. Kami, W. S. Williamson,
AIAA Paper 71-386, Presented at the AIAA 11th
Electric Propulsion Conference, New Orleans,
Louisiana, March 19-21, 1975.*

"Optimization of Ion Propulsion for North-South
Stationkeeping of Communications Satellites, " W. L.
Owens, AIAA Paper 72-1150, November 1972.

"Perfori-nance of 30 cm Ion Thrusters with Dished
Accelerator Grids, " V. K. Rawlin, AIAA Paper
73-1053, November 1973.

C-9



3. Papers (Continued)

"Power Processing Systems for Ion Thrusters,.
B. G. Herron, et al., AIAA Paper 72-518, April
1972. *

"--he RAE/Culham T4 10 cm Electron-Bombardment
Mercury Ion Thruster," D. G. Fearn, R. Hastings,
C. M. Philip, P. J. Harbour, H. H. H. Watson,
England, ALAA Paper 73-1130, Presented at the
AIAA 10th Electric Propulsion Conference, Lake
Tahoe, Nevada, October 31-November 2, 1973.*

"Recent Experimental Results in RIT-Engines De-
velopment," German Paper, AIAA Paper 73-1083,
November 1973. *

"A Reliability Tradeoff Study of Interconnection of
Interconnecting Power Processors to Mercury Ion
Thrusters," E. N. Costogue, P. 0. Chelsok1 , AIAA
Paper 75-435, Presented at the AIAA 11th Electric
Propulsion Conference, New Orleans, Louisiana,
March 1975. *

"Satellite Control Mercury Ion Thruster," J. Hyman,
Jr. and R. L. Poeschel, AIAA Paper 73-1132, Pre-
sented at the AIAA 10th Electric Propulsion Con-
ference, Lake Tahoe, Nevada, October 31-Novem-
ber 2, 1973. *

"Segmented Anode, COg -H2 Performance and Hollow
Cathode Erosion Tests on A Low Power MPD Arc
Thruster," J. Burkhart, AIAA Paper 69-242, Pre-
sented at the ALAA 7th Electric Propulsion Conference,
Williamsburg, Virginia, March 1969.

"Solar-Electric Propulsion System Evaluatirn,"
T. W. Macieo E. V. Pawlik, J. D. Ferrera, E. N.
Costogue, AIAA Paper 69-498, Presented at the
AIAA 5th Propulsion Joint Specialist Corference,
U.S. Air Force Academy, Colorado, June 9-13,
1969.
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3. Papers (Continued)

"Solutions for Discharge Chamber Sputtering and
Anode Deposit SpallLing in Small Mercury Ion
Thrusters,e" J. L. Power, D. J. Hiznay, NASA TM
X71675. Presented t the AIAA th Electric Pro-
pulsion Conference, New Orleans, Louisiana,
March 19-21, 1975.*

"Sputter Erosion and Deposition in the Discharge of
a Small Mercury Ion Thruster," J. L. Power,
Lewis Research Center, AIAA Paper 73-1109,
Presented at the AIAA 10th Electric Propulsion
Conference, Lake Tahoe, Nevada, October 31-
November 2, 1973. *

"Studies of Dished Accelerator Grids for 30 cm Ion
Thrusters," V. K. Rawlin, AIAA Paper 73-1086,
November 1973.

"A Sub-Millipound Mercury Electron-Bombardment
Thruster," P. E. Reader, et al., Paper 70-616,
Presented at the AIAA 6th Propulsion Joint Specialist
Conference, San Diegu, California, June 1970.

"A 30-cm Thruster Power P-ocessor Test Console,

B. G. Herron, et al., AIAA Paper 73-1104, 1973.

"The Variable Magnetic Baffle as a Control Device
for Kaufman Thrusters, " R. L. Poeschel, AIAA
Paper 73-488, April 1972.

(2) United States Air Force

Applicability of Electric Propulsion for Future Military
Satellites, C. W. Thomas, W. M. Adams, OAS, Kirtland
Air Force Base, Project 63101F, Report Number OAS-
TR-73-4, September 1973.*

Arc-Over and Rapid Pumpdown Tests on the Cesium Con-
tact Ionization Engine Flight Test Payload, E. T.
Mahefkey, R. II. Johnson, Air Force Aero Propulsion
Laboratory, Wright-Patterson Air Force Base, May 1964. *
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(2) United States Air Force (Continued)

Cesium Bombardment Ion Engine System Development,
R. M. Worlock, et al., Air Force Technical Report
AFAPL-TR-69-87, October 1969.

Ion Engine Systems Testing, E. L. James and S. J.
Goldner, Air Force Report AFAPL-TR-69-112,
February 1970.

(3) Aeronautic Research Laboratory (ARL)

"Theoretical Consideration of Nonuniformly Charged Ex-
pellant Beams, " R. E. Hunter, Air Force Research Di-
vision, Aeronautic Research Laboratory, ARL Technical
Note 60-138, October 1960.

(4) ARS

"Design and Performance of Small Ion Engines, " G. R.

Brewer, J. E. Etter and J. R. Anderson, ARS Preprint
1125-60, May 1960.

"Experimental Studies of Cesium Ion Rocket Performance,
R. N. Edwards, et al., ARS Paper 5, Presented at the
ARS Semi-Annual Meeting, Los Angeles. California, May
1960.

"Experimental Stu-,es with Small Scale Ion Motors,"
R. C. Speiser, C. R. Dulgeroff and A. T. Forrester,
ARS Preprint 926, Presented at the 14th ARS Annual
Meeting, Washington, D. C., November 1959.

"Ion Propulsion Systems: Experimental Studies,"
S. Naiditch, et al. , ARS Preprint 928-59, Presented at
the 14th ARS Annual Meeting, Washington, D. C.,
November 1959.

"Space Change Measurements in Expanding Ion Beams,
J. M. Sellen and H. Shelton, ARS Preprint 1160-60,
May 1960.
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(5) Battelle Memorial Institute

"Thermal Radiative Properties of Selected Materials,"

W. D. Wood, H. W. Deem and C. F. Lucks, Report to
Office of Director of Defense Research and Engineering,
Defense Metals Information Center, Battelle Memorial
Institute, Columbus, Ohio, Report 177, Volume 1,
page 65, November 1962.

(6) Bell Aerosystems Compa

Study of Spacecraft Attitude Control Propulsion Devices,
Bell Aerosystems Company, Report Number 8214-933001,
December 1962. (Confidential)Y

(7) Colorado State University

Performance of a 15-cm Ion Thruster with Reliable
Restart Capability, Colorado State University, November
1973. *

Technology of Electron-Bombardment Ion Thruster,
Colorado State University, 1974. *

(8) Electro-Optical Systems, Incorporated

Part I--"Electric Thrusters Survey, " From Auxiliary
Propulsion Survey, R. Shattuck, Electro-Optical Systems
For the U. S. Air Force, Technical Report AFAPL-TR-68-67,
September 1968. *

Election Bombardment Cesium Ion Engine System, G.
Sohl, V. V. Fosnight and S. J. Goldner, Electro-Optical
Systems, Incorporated, EOS Report 6954 CR-54711,
December 1966.

Reliability of the Flight Test Ion Thruster, M. P. Ernstene,
Electro-Optical Systems, Incorporated for the U.S. Air
Force, Contract Number AF33-657-10150, Report Number
3450F. May 1964.
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(8) Electro-Optical Systems, Incorporated (Continued)

Survey of U. S. Programs Related to Satellite Propulsion,
Orientation and Station Keeping Devices, Electro-Optical
Systems, Incorporated, Contract F 33615-67-C-1854,
May 1967.

(9) Energy Research and Development Administration (ERDA)

Small Nuclear (Isotope) Powered Thrusters for Satellite
Maneuvers, I. Helms, SNS Division, Energy Research
-rid Development Administration, undated. *

(10) Hittman Associates

A Study of Cesium Exhaust from An Ion Engine and Its
Effect Upon Several Spacecraft Components, W. Lyon,
Hittman Associates, Report HIT-399, June 1969. *

A Study of the Effects of a Cesium Ion Thruster Upon a
Polaris Star Tracker for ATS-F and ATS-G, W. Lyon,
Hittman Associates, for the National Aeronautics and
Space Administration, Contract NAS5-9479. May 1970.

A Study of Environmental Effects Caused by Cesium from
Ion Thrusters, W. Lyon, Hittman Associates, for the
National Aeronautics and Space Administration, Contract
NAS5-11826, March 1971.*

(11) Hughes Aircraft Company

"A Configurational Analysis of the Effects of Electrode
Geometry On the Mass Utilization Efficiency of Ion
Thrusters, " D. Zucarro, Hughes Aircraft Company
Interdepartmental Correspondence, Malibu, California,
December 17, 1973.

Ion Engine Reliability as Affected by Corrosion of Materials,
P. M. Winslow, Hughes Aircraft Company, Report No.
HIAC-63032, NTIS AD-406-675, 1963. *
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(11) Hughes Aircraft Company (Continued)

Ion Propulsion - A Key to Space Exploration, Hughes
Aircraft Company, January 1968. *

(12) Hughes Research Laboratories

Ion Microthruster System Design Report, Hughes Researc-
Laboratories, Contract Number NAS5-12513, Malibu,
California, October 1969.

Mercury Bombardment Ion Thrusters: Development Status,
Performance Levels, and Test History, J. H. Molitor,
Hughes Research Laboratories, Malibu, California, 1975.

(13) Jet Propulsion Laboratory (JPL)

Actuator Endurance Testing for a Clustered Ion Engine
Array, J. D. Ferrera, E. V. Pawlik, Jet Propulsion
Laboratory, SPS 37-58, Volume III, August 1969. *

Development of a Mercury Propellant Storage and Dis-
tribution Assembl, Jet Propulsion Laboratory, March
1975. .

Operation of a 20-cm-diam. Electron-Bombardment Ion
Thruster with a Hollow Cathode, E. V. Pawlik, T. D.
Masek, Jet Propulsion Laboratory, SPS 37-49, Volume III,
February 29, 1968. *

Suitability of a Hollow Cathode for a 20-cm-diam. Ion
Engine, E. V. Pawlik, D. J. Fitzgerald, Jet Propulsion
Laboratory, SPS 37-48, Volume III, pages 119-125,
December 31, 1967. *

Thruster Failure Modes, Jet Propulsion Laboratory,
undated. *
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(14) National Aeronautics and Space Administration (NASA)

Design and Development of a Small Structurally Integrated
Ion Thruster System, J. Hyman, Jr., et al., Final Report,
NASA, Contract NAS 3-14129, NASA Report CR-120821.

8-cm Mercury Ion Thruster System Technology, Lewis

Research Center, NASA, October 1974. *

5000-Hour rest of a Grid-Translation Beam- Deflection
System for a 5-cm Diameter Kaufman Thruster, W. C.
Latham, Lewis Research Center, NASA TM X-68185,
January 15, 1973. *

Low Voltage 30 cm Ion Thruster, H. J. King, et al.,
Final Report, NASA, Contract NAS3-14140, NASA CR-
120919.

Low Voltage 30 cm Ion Thruster, H. J. King, et al.,
Final Report, NASA, Contract NAS3-16528.

1000-Hour Endurance Test of A Glass-Coated Accelerator
Grid On A 15-Centimeter-Diameter Kaufman Thruster,
B. A. Banks and R. T. Bechtel, NASA, NASA TN D-5891,
July 1970.

Performance Optimized Small Structurally Integrated Ion
Thruster System, J. Hyman, Jr., Final Report, NASA,
Contract NAS 3-15483.

Plasma Fluctuations in a Kaufman Thruster, Lewis Re-
search Center, NASA, November 1973. )c

Results from SERT I Ion Rocket Flight Test, R. J. Cybulski,
D. M. Shellhammer, R. R. Lovell, E. J. Domino and
J. T. Kotnik, NASA, NASA-TN-D-2718, Washington, D. C.,
March 1965.

itReview of Kaufman Thruster Development at the Lewis
Research Center - 1973," W. R. Kerslake, NASA TM-X-
682C , Presented at the "Electric Propulsion Conference,
Culham, England, April 10- 12, 1973.
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(14) NASA (Continued)

Thrust Vectoring System, H. J. King, et al., Final
Report, NASA, Contract NAS 3-15385, NASA CR-121142.

A 20, 000-Hour Endurance Test of a Structurally and
Thermally Integrated 5-cm Diameter Ion Thruster Main
Cathode, Lewis Research Center, NASA, March 1975.

2-1/2 kW Advanced Technology Ion Thruster, R. L.
Poeschel, et al., Final Report, NASA, Contract NAS
3-16949.

(15) Princeton University

Energy Management Technology Forecast Space Operatior:
and Propulsion, R. G. John, K. E. Clark, School of Engi-
neering and Applied Science, Princeton University, Jan-
uary 2, 1975. *

(16) Rockwell International and North American Rockwell

Concept Definition and Systems Analysis Study for a
Solar Electric Propulsion Stage, Space Division, Rockwell
International for NASA, Contract Number NAS 8-30920,
Report Number MA-04 DPD 436, February 3, 1975.*

(17) Space Technology Laboratories, Incorporated

Cesium Ion Beam Neutralization in Vehicular Simulation,
J. M. Sellen and R. F. Kemp, Space Technology Labora-
tories, Incorporated, 1961.

(18) TRW Sstems, Incorporated

Electrostatic Propulsion Beam Divergence Effects on
S acecraft Surfaces, Volume Il, TRW Systems, Incor-
porated, for the Jet Propulsion Laboratory, September
1973.
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(18) TRW Systems, Incorporated (Continued)

Propulsion Beam Divergence Effects, D. Hall, TRW
Systems, Incorpokated, Final Report, JPL Contract
952350.

(19) Other Publications

1. Books

Ion Propulsion, G. R. Brewer, Gordon and Breach
Science Publishers, New York, London, Paris, 1970.

Ion Propulsion for Space Flight, E. Stuhlinger,
Chapter 1, McGraw-Hill Book Company, New York,
1964.

Ionenraketen, H. W. Loeb and J. Freisinger, Vieweg,
Braunschweig, Germany, 1967.

2. Magazines

"Cesium-Ion Propulsion, " A. T. Forrester and

R. C. Speiser, Astronautics, Volume 4, Number 10,
page 34, October 1959.

"Developmeat of a 5-cm Flight-Qualified Mercury
Ion Thruster," J. Hyman, Jr., Journal of Space-
craft and Rockets, Volume 10, Number 8, pages
503-509, August 1373.

"Experimental Performance of Ion Rock- ts Employ-
ing Electron-Bombardment Ion Sources," H. R.
Kaufman and P. 1). Reader, from 1Frogrss in Astro-
nautics and Rocketry: Electrostatic Propulsion:
Volume V. Edited Ly D. B. Langmuir, E. Stuhlinger
and J. M. Sellen, Jr., Academic Press, New York,
1961.
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2. Magazines (Continued)

"Exploratory Tests on a Downstream Cathode MPD
Thruster, " J. A. Burkhart, Journal of Spacecraft
and Rockets, Volume 8, Number 3, pages 240-244,
March 1971.

"Performance of a Modified Downstream Cathode
MPD Thruster," J. A. Burkhart, Journal of Space-
craft and Rockets, Volume 10, Number 1, pages 88-
88, January 1973.

"12-cm Magneto-Electrostatic Containment Mercury
Ion Thruster Development," W. D. Ramsey, Journal
of Spacecraft and Rockets, Volume 9, Number 5,
pages 318-321, May 1972.

3. Papers/Reports

Configuration and Operating Mode of an ElecLric
Propulsion System for Stationkeeping in the View
of Reliability, German Report, November 1973. *

Perspectives Actuelles de Developpement et
D'Applications de la Propulsion Ionique (Present
Status and Prospects for Applications of Ion
Thrusters), E. LeGrives, Office National D'Etudes
et de Rechercbes Aerospatiales Chatillon-Sous-
Bagneux, France, Report Number Onera-Note
Technique-149, September 1969. *

Physical Behavior of Some Biowaste Gases in an
Ion Engine, English Report, November 1973. *

Physical Processes Affecting the Design and Per-
formance of Ion Thrusters with Particular Reference
to the 10-cm, RAE/CULHAM TY Thruster, English
Report, November 1973.*

Recent Hollow Cathode Investigations at the Royal
Aircraft Establishment, English Report, November
1973. *
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2. ELECTRIC (COLLOID)

(1) Aerojet General Corporation

Some Technical Problems Associated With A Charged
Colloid Propulsion System, R. D. Schultz, Aerojet Gen-
eral Corporations, Technical Memcrandum 808,
September 1958.

(2) AGARD

"Electric Propulsion with Colloidal Materials, " R. D.
Schultz and R. E. Weich, Jr., PresenteI at the AGARD
Combustion and Propulsion Panel-Technical Meeting on
Advanced Propulsion Techniques, Pasadena, California,
pages 24-26, August 1960.

(3) American Institute of Aeronautics and Astronautics
(AIAA) Papers

"Advanced High Thrust ColloWd Sources, " M. . Huberman
and S. G. Rosen, AIAA Paper 73-1075, 197J'

"Analytical Study of Colloid Annular Thrusters, " J. Perel,
J. F. Mahoney and A. Y. Yahiku, AIAA Paper 70-1113,
Presented at the AIAA 8th Electric Propulsion Conference,
Stanford, California, August-September 1970.

"Colloid Annular Array Thruster Development, " H. L.
Daley et al., AIAA Paper 73-1077, 1973. *

"Colloa, Microthruster Life Test, " S. Zafran and J. C.
Beynon, AIAA Paper 70-1110, Presented at AIAA 8th
Electric Propulsion Conference, Stanford, California,
September 1970.

"Colloid Microthruster System Development, '" S. Zafran,
J. C. Beynon and E. Cohen, AIAA Paper 68-84, Presented
at the AIAA Sixth Aerospace Sciences Meeting, New York,
New York, January 1968.
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(3) AIAA Papers (Continued)

"Colloid Propulsion Using Chemically-Formed Particles,?
W. G. Courtney and C. Budnik, AIAA Paper 66-254, Pre-
sented at the AIAA 5th Electric Propulsion Conference,
San Diego, California, March 1966.

"Colloid- And Pulsed Plasma Thrusters For Spacecraft
Propulsion, " AIAA Paper 73-1254, 1973.

"Duration Test of an Annular Colloid Thruster, " J. Pere!,
J. F. Mahoney and H. L. Daley, AIAA Paper 72-483, 1972.

"Experimental Analysis of the Exhaust From A Colloid
Thrustor, " C. T. Norgren and D. S. Goldin, AIAA Pqper
64-674, Presented at the A]AA 4th Electric Propulsion
Conference, Philadelphia, Pennsylvania, August-Septem-
ber 1964.

"Life Test (4350 hour) of an Advanced Colloid Thruster
ModuP, " P. W. Kidd and H. Shelton, AIAA Paper 73-1078
1973.

"Negatively Chiarged Colloid Generation Research, " S. H.
Wineland and R. E. Hunter, AIAA Paper 66-251, Pre-
sented at the AIAA Fifth Electric Propulsion Conference,
San Diego, California, March 1966.

"Parametric Studies of Electiohydrodynamic Spraying,"
C. D. Hendricks and R. J. Pfeifer, AIAA Paper 66-252,
Presented at the A AA 5th Electric Propulsion Conference,
San Diego, California, March 1966.

'Parametric Studies With a Single Needle Colloid Thrustor,
P. W. Kidd, AIAA Paper 67-530, Presented at the AIAA
Electric Propulsion and Plasmadynamics Conference,
Colorado Springs, Colorado, September 1967.

"Performance of Colloid Annular Emitters, " J. F.
Mahoney et al., AIAA Paper 73-1076, 1973.
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(3) AIAA Papers (Continued)

"Research on a Charged Partic]e Bipolar Thruster,"
J. Perel et al., AIAA Paper 57-728, Presented at the

AIAA Electric Propulsion and Plasmadynamics Conference,

September 1967.

"Research on a Charged Partit le Bipolar Thruster,"

J. Perel et al, AIAA Paper 67-728, September 1967.

"Thrust Measurements of Colloidal Particles as an mnu-
cation of Particle Size and Thrustor Operation, " D. S.
Goldin and C. T. Norgren, AIAA Paper 63-050, Presented
at the AMA Electric Propulsion Conference, Colorado
Springs, Colorado, March 1963.

(4) United States Air Force

Charged Droplet Electrostatic Thruster Systems,
H. Shelton et al., Air Force Technical Report AFAPL-
TR-70-31. June 1970.

Charged Particle Electrostatic Thrusters, M. N. Huberman
and P. W. Kidd, Air Force Technical Report AFAPL-TR-
69-14, March 1969.

Colloid Microthruster Experiment, S. Zafran e' al., Air
Force Technical Report AFAPL-TR-70-55, August 1970.

Life Testing of A Collod thruster Source, W. C. Burson,
Air Force Technical Report AFAPL-TR-69-8. May 1969.

Research on the Bipolar Thruster, P. W. Kidd, Air Force
Technical Report AFAPL-TR-67-110, September 1967.

(5) Aeronautic Research Laboratory (ARL)

Research on the Electrostatic Generation and Acceleration
of Submicron Size Particles, E. Cohen, Aeronautic Re-
search Laboratory ARL 32-88-WPAFB, May J 963.
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(6) American Society of Mechanical Engineers (ASME)

"Earth Orbital Mission Requirements for Secondary Pro-
pulsion Systems and Their Impact on Colloid Systems, "
R. A. Benson, ASME Paper 70-Av/SpT-31, Presented
at the ASME Space Technology and Heat Transfer Con-
ference, Los Angeles, California, June 1970.

(7) Electro-Optical Systems

Auxiliary Propulsion Survey, Part I- "Electric ThrusterE
Survey, " R. Shattuck, Electro-Optical Systems For The
U.S. Air Force, Technical Report AFAPL-TR-68-67,
September 1968.

(8) Thiokol Chemical Corporation

Heavy Particle Propulsion Research, R. E. Weich, Jr.,
Thiokol Chemical Corporation Report Number RMD-I 55-
S2, December 1959.

(9) TRW Systems, Incorporated

Colloid Advanced Development Program, TRW Systems
Group for the Air Force Rocket Propulsion Laboratory,
Reports 1 and 2. Technical Report AFRPL-TR-72-10,
February 1972.

Continued Development of High Performance Colloid
Systems, P. W. Kidd, TRW Systems Group for the U.S.
Air F~rce, Contract Number F04611-74-C-0014, October
1974.

Prototype One-Millipound Colloid Thruster System, TRW
Systems, Incorporated, March 1975.

Research and Development in Colloid Thruster Technology,
TRW Systems, Incorporated, TRW Proposal Number
11882.000, January 1969.
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(10) Other Publications

1. Conferences

"Colloid Thruster Technology '69, " E. Cohen,
W. C. Burson and P. C. Herren, Jr., Presented
at the 8th International Symposium on Space Tech-
nology and Science, Tokyo, 1969.

"Exploration of the Feasibility of an Electrodeless
Colloid Thruster Concept, " R. E. Hunter and S. H.
Wineland, Presented at the Sixth International Sym-
posium on Space Technology and Science, Tokyo,
Japan, 1965.

"Progress in the Development of a One-Millipound-

Thrust Colloid Propulsion System, " F. A. Jackson,
Presented at IEE and UKAEA Conference on Elec-
tric Propulsion of Space Vehicles, Culham, England,
April 1973.

2. Magazines

"Charged Droplet Experimcnts, " C. D. Hendricks,
.Journal of Colloid Science, Volume 17, pages 249-
259, 1962.

"One-Millipc nd Colloid Thruster System Develop-
ment," S. Zafran et al, AIAA Paper 72-1153 (1972),
Journal of Spacecraft and Rockets, Volume 10,
Number 8. pages 531-533, August 1973.
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3. ELECTRIC (PULSED PLASMA)

(1) American Institute of Aeronautics and Astronautics (AIAA)

1. Journals

"Analysis of Solid Teflon Pulsed Plasma Thruster,"
R. J. Vondra, K. Thomassen and A. Solbes. AIAA
Journal of Spacecraft and Rockets, Volume 7, Nun.-
ber 12, pages 1402-1406, December 1970.

"Energy Efficiency Trends in a Coaxial Gun Plasma
Engine System, " P. Gloersen, B. Gorowitz and
J. T. Kenney, AIAA Journal, Volume 4, Number 3.
pages 436-441, March 1966.

"Flight Qualified Pulsed Electric Thruster for Satel-
lite Control," R. J. Vondra and K. I. Thomassen,
AIAA Journal of Spacecraft and Rockets, Volume 11,
Number 9, pages 613-617, September 1974.

"Hall Current Plasma Accelerator, " G. L. Cann
and G. L. Marlotte, AIAA Journal, Volume 2,
Number 7, pages 1234-1241, July 1964.

"Perfo. mance of an Electrically Triggered Repeti-
tively Pulsed Coaxial Plasma Engine, " B. Gorowitz,
T. W. Karras and P. Gloersen, AIAA Journal,
Volume 4, Number 6, pages 1027-1031, June 1966.

"RFI Measurements on a LES-7 Prototype Pulsed
Plasma Thruster, " R. E. Dolbec, AIAA Journal of
Spacecraft and Rockets, Volume 7, Number 7,
Engineering Note, pages 889-890, July 1970.

"RFI Measurements of UHF on a Pulsed Plasma
Thruster, " R. L. Sicotte, AIAA Journal of Space-
craft and Rockets, Volume 7, Number 3, pages 337-
338, March 1970.
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(1) AIAA (Continued)

2. Papers

"Colloid and Pulsed Plasma Thrusters for Spacec:.aft
Propulsion, " S. G. Rosen, AIAA Paper 73-1254, 1973.

"Concerning the Feasibility of a Vacuum Arc Thruster,

A. S.Gilmour, AIAA Paper 66-202, Presented at the
AIAA 5th Electric Propulsion Conference, San Diego,
California, March 1966.

"Continuing Development of the Short-Pulsed Ablative
Space Propulsion System, " D. J. Palumbo and
W. J. Guman, AIAA Paper 72-1154, 1972.

"Current Status of Plasma Propulsion, " R. R. John,
S. Bennett and R. Jahn, AIAA Paper 66-565, Pre-
sented at the AIAA 2nd Propulsion Joint Specialist
Conference, Colorado Springs, Colorado. June 1966.

"Current Status of Pulsed Plasma Engine Development,"
P. Gloersen, AIAA Paper 66-566, Presented at the
AIAA 2nd Propulsion Joint Specialist Conference,
Colorado Springs, Colorado, June 1966.

"Development of Solid Propellant Electric Thruster
Systems for Attitude Control and Station Keeping of
Spacecraft, " A. V. LaRocca and G. S. Perkins,
AIAA Paper 67-661, Presented at the AIAA Electric
Propulsion and Plasmadynamics Conference, Colo-
rado Springs, Colorado, September 1967.

"A Flight Qualified Electric Thruster for Satellite
Control, " R. J. Vondra and K. I. Thomassen,
AIAA Paper 73-1067, Presented at the AIAA 10th
Elect:c Propulsion Conference, Lake Tphoe,.
Nevada, October 31-November 2, 1973.

"Investigation of Plasma Rotation In A Pulsed Induc-
tive Accelerator, " C. L. Dailey, AIAA Paper 68-86,
Presented at the AIAA 6th Aerospace Sciences
Meeting, New York, January 1968.

"Plasma Separator Thruster, " B. A. Free and
W. R. Mickelsen, AIAA Paper 66-598, June 1966.
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2. Papers (Continued)

"Pulsed Plasma and Low-Pressure Detonator
Thrusters, " A. V. LaRocca, AIAA Paper 70-1147,
Presented at the AIAA 8th Electric Propulsion Con-
ference, Stanford, California, September 1970.

"Pulsed Plasma Microthruster Applications and
Techniques, " A. V. LaRocca and G. S. Perkins,
AIAA Paper 68-554, Presented at the AIAA 4th
Propulsion Joint Specialist Conference, Cleveland,
Ohio, June 1968.

"Pulsed Plasma Microthruster Propulsion System
for Synchronous Orbit Satellite, " W. J. Guman and
D. M. Nathanson, AIAA Paper 69-298, AIAA 7th
Electric Propulsion Conference, Williamsburg,
Virginia, March 1969.

"Pulsed Plasma Microthruster for Synchronous
Meteorological Satellite (SMS), " W. J. Guman and
T. E. Williams, AIAA Paper 73-1066, Presented
at the AIAA 10th Electric Propulsion Conference,
Lake Tahoe, Nevada, October 31-November 2,
1973.

"Pulsed Plasma Propulsion System Studies, " W. J.
Guman et al., AIAA Paper 70-1141, Presented at
the AIAA 8th Electric Propulsion Conference, Stan-
ford, California, September 1970.

"Pulsed Vacuum-Arc Microthrusters, " A. S.
Gilmour, R. J. Clark and H. Vernon, AIAA Paper
67-737, Presented at the AIAA Electric Propulsion
and Plasmadynamics Conference, Colorado Springs,
Colorado, September 1967.

"A Pulsed Vacuum-Arc System Incorporating
Throttle and Thrust Vector Controls, " D. L. Lock-
wood and L. R. Burdette, AIAA Paper 70-180, Pre-
sented at the AIAA 8th Aerospace Sciences Meeting,
New York, January 1970.
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2. Papers (Continued)

"Recent Progress in Pulsed Vacuum-Arc Micro-
thruster Research, " A. S. Gilmour, et al., AIAA
Paper 68-555, Presented at the AIAA 4th Propul-
sion Specialist Conference, Cleveland, Ohio, June
1968.

"Solid Propellant Electric Thrusters for Attitude
Control and Drift Correctin of Space Vehicles, "
A. V. LaRocca, AIAA Paper 66-229, Presented at
the AIAA Fifth Electric Propulsion Conference,
San Diego, California, March 1966.

"Solid Propellant Pulsed Plasma Microthruster
Studies," W. J. Guman and P. E. Peko, AIAA
Paper 68-85, Presented at the AIAA 6th Aerospace
Sciences Meeting, New York, January 1968.

"Thrust Measurements on a Pulsed Vacuum-Arc
Thruster," 0. Jarrett, et al., AIAA Paper 70-1146,
Presented at the AIAA 8th Electric Propulsion Con-
ference, Stanford, California, September 1970.

(2) United States Air Force

Pulsed Plasma Propulsion Technology, D. J. Palumbo
and W. J. Guman, AFRPL-TR-73-79, September 1973.

Pulsed Plasma Propulsion Technology, C. L. Dailey,
H. A. Davis and B. R. Hayworth, AFRPL-TR-73-81,
July 1973.

Pulsed Plasma Technology in Microthruster, W. Guman,
Air Force Aero Propulsion Laboratory, AFSC, Wright-
Patterson AFB, Ohio, AFAPL-TR-68-132, November
1968.
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(3) ARS

"The Confined Parallel Rail Pulsed Plasma Accelerator,
M. E. Maes, ARS Paper 2397-62, Presented at the ARS
Electric Propulsion Conference, Berkeley, California,
March 1962.

"Pulsed Plasma Accelerators, " P. Gloersen, ARS
Paper 2129-61, Presented at the ARS Space Flight Report
to the Nation Meeting, New York, October 1961.

(4) AVCO Corporation

Study of Magnetic Annular Plasma Accelerator, R. M.
Patrick and A. M. Schneiderman. Summary Report,
Avco-Everett Research Laboratory, Contract NAS 3-
5748, Report Number NASA CR-54686, April 15, 1964-
January 14, 1966.

(5) Bell Aerosystems Company

Study of Spacecraft Attitude Control Propulsion Devices,
Bell Aerosystems Company, Report Number 8214-933001,
December 1962. (Confidential)

(6) Fairchild Hiller Corporation

Pulsed Plasma Microthruster Propulsion System Appli-
cation Notes, Fairchild Hiller, Report PCD-TR-694,
January 1967.

Pulsed Plasma Microthruster Propulsion System Appli-
cation Notes, W. Guman, Fairchild-Hiller, Report Num-
ber PCD-TR-69-1, January 1969.

(7) Fairchild Republic Company

Development of a Short Pulsed Solid Propellant Plasma
Thruster, W. J. Guman, Fairchild Republic Company,
Final Report MS 172R0001, March 1974.
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(7) Fairchild Republic Company (Continued)

Electromagnetic Interference Testing Conducted Inter-
ference, M. Begun, W. J. Guman and D. J. Palumbo,
Fairchild Republic Company for the Air Force Rocket
Propulsion Laboratories, Contract Fq4611-72-C-0053,
Report MS 147N0001, June 26, 1975.

Failure Mode and Effect Analysis, G. E. Uhruh, Fair-
child Republic Company for Applied Physics Laboratory,
Contract Number 6R0064, Report Number MS 173N0002,
February 7, 1974.

Final Reliability Estimate for the Pulsed Plasma Thruster,
G. E. Unruh, Fairchild Republic Company for the APL,
Contract Numbfr 600064, Report Number MS 173N0005,
July 10, 1974.

Pulsed Plasma Propulsion Technology, Interim Report
for Period 10 May 1973-10 July 1974, D. J. Palumbo,
M. Begun and W. J. Guman, Fairchild Republic Com-
pany for the Air Force Rocket Propulsion Laboratory,
Report Number AFRPL-TR-74-50, 1974.

Solid Propellant Pulsed Plasma Propulsion System,
Fairchild Republic Company, undated. *

Worst Case Analysis TIP II Power Conditioner, 1 July
1974, G. Unruh, Fairchild Republic Companr, Report
Number MS 173N0004, September 16, 1974.

(8) General Electric Company

Life Tests on Capacitors for Pulsed Plasma Engine Appli-
cations, B. Gorowitz and T. W. Karras, Missile and
Space Division, General lectric Company, Report Num-
ber R655D26, June 1965.
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(9) Giannini Scientific Corporation

High Specific Impulse Thermo-lonic Acceleration,
Giannini Scientific Corporation, PRE-114-a, December
1963.

The Plasma Jet and Its Application, G. M. Giannini,
Office Scientific Research, Giannina Scientific Corpora-
tion, Technical Note 57-520, 1957.

(10) Jet Propulsion Laboratory (JPL)

"A Pulsed Plasma Jet Attitude Controller for an ATS-H
Synchronous Satellite, " G. E. Fleischer, Jet Propulsion
Laboratory, Internal Document, Engineering Memo 344-
365ATS, December 1971.

(11) Massachusetts Institute of Technology (MIT)

Electronic Parts List for the "LES. 9" Pulsed Plasma
Thruster, MIT, August 1975.

(12) National Aeronautics and Space Administration (NASA)

Axisymmetric Expansion of a Plasma in a Magnetic
Nozzle Including Thermal Conduction, E. L. Walker and
G. R. Seikel, NASA, NASA TN D-6154, February 1971.

Development of a Coaxial Plasma Gun for Space Propul-
sion, A. V. Larson et al., NASA, Semiannual Report,
Contract NAS3-7111, November 1965.

(13) Plasmadyne Corporation

Investigation of a Low- Thrust Plasma Propulsion Device,
W. A. Stoner, Plasmadyne Corporation, Report Number
1FR-021-1806, February 1961.
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(14) Talley Industries

A Solid-State Pulse Motor System for Spacecraft Attitude
Control, D. Suddreth and D. Blackwood, Talley Indus-
tries.

(15) TRW Systems, Incorporated

Development of a Pulsed Inductive Plasma Thruster,
C. R. Dailey, TRW Systems, October 1968.

Thrust Measurement For A Pulsed Inductive Thruster,
C. L. Dailey, TRW Systems for the U.S. Air Force,
Report AFOSR 70-0757TR, Air Force OSR Contract AF
44620-68-C-0042, March 1970.

(16) University of California Radiation Laboratory (UCRL)

A Button Source of Plasma, V. G. McIntosh and W. H.
Bostick, University of California Lawrence Radiation
Laboratories, Report UCRL-4688, April 1956.

(17) Other Publications

1. Magazines

"Characteristics of the Pinch Discharge in a Pulsed
Plasma Accelerator," L. Aronowitz and D. Po,
Duclos, Progress in Astronautics and Aeronautics.
Volume IX, Electric Propulsion Development,
page 513. Edited by E. Stuhlinger, Academic Press
Inc., New York, 1963.

"Performance of a Hydromagnetic Plasma Gun,"

J. Marshall, Physics of Flu'ds, Volume 3, page 134,
1960.
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1. Magazines (Continued)

"tPulsed Plasma Mlcrothruster Propulsion System

for Synchronous Orbit Satellite, "~ W. J. Guman and
D. M. Nathanson, Journal of Spacecraft and Rocketsi.
Volume 7, Number 4, pages 409-415, April 1970.

2. Papers /Reports

Pulsed Plasma Microthruster Applications and
Techniques, A. V. LaRocca and G. S. Perkins.
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4. ELECTRIC (GENERAL)

(1) Aerospace Corporation

Candidate Low Thrust Devices for the Space Station
Reaction Control System, G. Nunz, Aerospace Corpora-
tion, Contract F 04701-69-C-0066, Report Number TOR-
0066 (5759-03-1), May 1970. *

(2) American Institute of Aeronautics and Astronautics (AIAA)

1. Conferences

"Mission Design for a 1980 Encke Slow Flyby Using
Solar Electric Propulsion " D. Bender, K. Atkins
and C. Sauer, Presented at the AIAA/AAS Astro-
d;namics Conference, Vail, Colorado, 1973.

"An Optimal Transfer to Out-of-the-Ecliptic Using
a Solar Electric Spacecraft, " C. L. Yen, Presented
at the AIAA 11th Electric Propulsion Conference,
New Orleans, Louisiana, March 1975.

"Trajectory Design of a Solar Electric Propulsion
Slow Flyby Mission, " C. G. Sauer, Presented at the
AIAA 11th Electric Propulsion Conference, New
Orleans, Louisiana, March 1975.

2. Papers

"All-Electric Thruster Control of a Geostationary
Communications Satellite Which Employs Narrow-
Beam Antennas, " M. H. Kaplan, AIAA Paper 72-
436, Presented at the AIAA 9th Electric Propulsion
Conference, Bethesda, Maryland, April 1972.

"Anode Power Deposition in Quasi-Steady MPD Arcs,
A. J. Saber and R. G. Jahn, AIAA Paper 73-1091,
Presented at the AIAA 10th Electric Propulsion
Conference, Lake Tahoe, Nevada, October 31-
November 2, 1973.
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2. Papers (Continued)

"Application of Magnetic -Expansion Plasma Thruster,
to Satellite Station Keeping and Attitude Control Mis-
sions, " G. R. Seikel, D. N. Bowditch and S. Domitz,
AIAA Paper 64-677, Presented at the AIAA Fourth
Electric Propulsion Conference, Philadelphia,
Pennsylvania, August 1964.

"A Common Solar Electric Upper Stage for Multi-
Mission Applications, " H. F. Meissinger and D. S.
Goldin, TRW Systems, A. C. Mascy, NASA/QART,
AIAA Paper 72-464, Presented at the AIAA 9th
Electric Propulsion Conference, Washington, D. C.,
April 17-19, 1972.

"Development of an Assembly for the Distribution
and Isolation of Mercury Propellant Flow to Elec-
tric Thrusters, " R. H. Smith, J. R. Womack,
AIAA Paper 75-407, Presented at the AIAA 11th
Electric Propulsion Conference, New Orleans,
Louisiana, March 1975. *

"Early Application of Solar Electric Propulsion to
a I-AU Out-of-Ecliptic lDission, W. Strack, F.
Hrach, AIAA Paper 70-1118, Presented at the
AIAA 8th Electric Propulsion Conference, Stanford,
California, 1970.

"Effects of Electrostatic Rocket Material Deposited
on Solar Cells, " R. F. Kemp, et al., AIAA Paper
72-447, April 1972.

"Electric Propulsion--Past History and Future
Prospects, " E. Stuhlinger, AIAA Paper 74-1081,
Presented at the AIAA/SAE 10th Propulsion Con-
ference, San Diego, California, October 21-23,
1974. *

"Electric Propulsion Status and Development Plans,
J. Lazar, AIAA Paper 73-1143, Presented at the
AIAA 10th Electric Propulsion Conference, Lake
Tahoe, Nevada, 1973.
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2. Papers (Continued)

"Electric Propulsion Technology Status and Develop-

ment Plans - European Programs, " H. W. Loeb,
AIAA Paper 7,-1146, Presented at the AIAA 10th
Electric Propul&ion Conference, Lake Tahoe, Nevada,
October 31-November 2, 1973. *

"Electrostatic Thrusters, " H. R. Kaufman and P. D.
Reader, AIAA Paper 72-1123, 1972.

"Factors in the Design of Spacecraft Utilizing Mul-
tiple Electric Thrusters," D. J. Fitzgerald, AIAA
Paper 75-404, Presented at the AIAA I1th Electric
Propulsion Conference, New Orleans, Louisiana,
March 1975. *

"Failure Recovery and Failsafe Encke Rendezvous
and Flyby Missions Using Solar Electric Propulsion,"
J. M. Driver, AIAA Paper 74-804, Presented at the
AIAA Mechanics and Control of Flight Conference,
Anaheim, California, August 1974. *

"Initial Performance Data On A Low-Power MPD
Arc Thruster With A Downstream Cathode," J.
Burkhart, AIAA Paper 70-1084, Presented at the
A1AA 8th Electric Propulsion Conference, Stanford,
California, August 1970.

"Interplanetary Spacecraft Design Using Solar Elec-
tric Propulsion," J. H. Duxbury and G. M. Paul,
AIAA Paper 74-1084, Presented at the AIAA/SAE
10th Propulsion C-,nference, San Diego, Cal'fornia,
1974. *

"Low Thrust Mission Risk Analysis, " C. L. Yen,
D. B. Smith, AIAA Paper 73-208, Presented at the
AIAA 11th Aerospace Sciences Meeting, Washington,
D. C., January 1973.*

"Measurements of Mass, Momentum and Energy Dis-
charge," K. E. Clark, R. G. Jahn and W. F. von
Jaskowsky, AIAA Paper 72-497, Presented at the
AIAA 9th Electric Propulsion Conference, Bethesda,
Maryland, April 17-19, 1972.
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2. Papers (Continued)

"Mission Applications of Electric Propulsion,"
K. L. Atkins, AIAA Paper 74-1085, Presented at
the AIAA/SAE 10th Propulsion Conference, San
Diego, California, October 21-23, 1974. *

"Multiple Gimballing of Thrusters for Thrust Vector
Control and Thrust Vector Reorienting of Solar Elec.-
tric Spacecraft, " E. L. Marsh, AIAA Paper 73-1116,
October-November 1973. *

"NASA Overview of Electric Propulsion, " J. Lazar
and J. P. Mullin, AIAA Paper 72-1127, 1972.

"SEP Stage for Earth Orbital Missions, " S. P.
Horio and C. H. Guttman, AIAA Paper 73-1123,
Presented at the AIAA 10th Electric Propulsion
Conference, Lake Tahoe, Nevada, 1973.

"Spacecraft Capillary Propellant Retention and
Control for Long-Life Missions," AIAA Paper 68-
465, April 1968.

"Structural Evaluation and Dynamic Testing of Solar
Electric Propulsion Components, " J. R. Womack,
Jay-Chung Chen, AIAA Paper 72-442, Presented
at the ALAA 9th Electric Propulsion Conference,
Bethesda, Maryland, April 17-19, 1972. *

"Survey of Electric Propulsion Capability, " K. E.
Clark, AIAA Paper 74-1082, Presented at the AIAA/
SAE 10th Propulsion Conference, San Dego,
California, October 21-23, 1974.*

"A Survey of Solar Array Technology for Electric
Propulsion," R. W. Given, AIAA Paper 74-1083,
Presented at the AIAA/SAE 10th Propulsion Con-
ference, San Diego, California, October 21-23,
1974. *

"System Study of Electric Propulsion for Military
Space Vehicles, " C. Hawk, et al., AIAA Paper 72-
493, 1972.
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2. Papers (Continued)

"Thrust System Technology For Solar Electric
Propulsion," T. D. Masek and E. V. Pawlik, AIAA
Paper 68-541, Presented at the AIAA 4th Propulsion
Joint Specialist Conference, Cleveland, Ohio, June
1968.

"Thrust Vectoring Systems," H. J. King and D. E.
Schnelker, AIAA Paper 70-1150, Presented at the
AIAA 8th Electric Propulsion Conference, Stanford,
California, September 1970.

"Thruster Array Approaches for a Solar Electric
Propullsion Encke Flyby Mission," R. G. Ross,
AIAA Paper 73-1115, October-November 1973.

"Trajectory Analysis and Performance for SEP
Comet Encke Missions," C. Sauer, AIAA Paper
73-1059, Presented at the AIAA 10th Electric Pro-
pulsion Conference, Lake Tahoe, Nevada, 1973.

"Trajectory Design for a Solar-Electric Propulsion
Mars High Data Rate Orbiter, " C. G. Sauer, AIAA

Paper 70-1119, Presented at the AIAA 8th Electric
Propulsion Conference, Stanford, California, 1970.

(3) United States Air Force

Advanced Electric Thruster (A Space Electric Ramjet),
G. L. Cann, AFRPL-TR-73-12. April 1973.

Applicability of Electric Propulsion for Future Military
Satellites, C. W. Thomas, W. M. Adamson, Officw of the
Assistant for Study Support (OAS), Kirtland Air Force
Base, New Mexico, September 1973.*

Areas of Applicability for Electric Propulsion Systems,
J. W. Geis, Air Force Aero Propulsion Laboratory,
Wright-Patterson Air Force Base, Report Number AFAPL-
TR-67-80, September 1967. *
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(3) United States Air Force (Continued)

Magnetic Field Annihilation of Impulsive Current Sheets,
C. L. Dailey, AFOSR-TR-73-0564, March 1973.

Millipound Thrust Electric Propulsion, J. W. Geis, Air
Force Aero Propulsion Laboratory, Wright-Patterson Air
Force Base, Report Number AFAPL-TR-66-65,
September 1966. *

Research on Charged Particle Electrostatic Thrusters,
E. Cohen and M. N. Huberman, Air Force Technical
Report AFAPL-TR-66-94, September 1966.

(4) Battelle Memorial Institute

Compatibility of Rocket Propellants With Materials of
Construction, Defense Metals Information Center, Battelle
Memorial Institute, OTS PB-161215, DMIC Memorandum
65, September 15, 1J60.*

(5) Boeing Aircraft Company

"Small Engines, " Volume I of Rocket Engines, H. R.
Bader, Jr., Boeing Company, Report Number D2-114118-
2-Vol-1, October 1968.*

(6) COMSAT Corporation

A User Assessment of Servicing in Geostationary Orbit,
COMSAT Corporation, undated. *

(7) Energy Research and Development Administration (ERDA)

Operational Risk and Reliability of Space Transportation
Systems, ERDA, undated. 

C-39



(8) General Electric Company

"Failure Modes and Effects Criticaiity Analysis," Vol-
urne V of Superconducting Propulsion System, B. D. Hatch
and D. L. Kerr, General Electric Company, Power Gen-
eration and Propulsion Laboratory for the U. S. Navy,
Contract Number N00024-73-C-5488, Report Number
SRD-74-106-5, November 1974.

Feasibility Study of a 110 Watt Per K'ilogram Lightweight
Solar Array System, N. F. Shepard, et al., Final Report,
General Electric for the Jet Propulsion Laboratory. JPL
Contract 953387, May 1973.

Final Report Feasibility Assessment of a Solid Propellant
Electric Thruster (SPET). General Electric Spacecraft
Department, General Electric Report 66 SD 4255, March 15,
1966,

(9) Hughes Aircraft Company

Electric Propulsion Reliability Analysis, Research and
Development Division, Hughes Aircraft Company for NASA,
NASA Contract NAS7-559.

Nonelectric Reliability Notebook, Hughes Aircraft Com-
pany for Rome Air Development C .nter, NTIS AD/A-005-
657, January 1975.

Part 1 - "Technical and Management Proposal," Vol-
ume IV - Reliability and Quality Assurance, Hughes Air-
craft Company, April 1968. *

(10) Illinois Institute of Technology (lIT)

Aerospace Tanks, Volumes I and 11, Illinois Institute of
Technology of Research Institute for the Jet Propulsion
Laboratory, IITRI Project C6309, JPL Contract 953830,
July 1974. *
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(10) Illinois Institute of Technology (lIT) (Continued)

Microcircuit Device Environmental Data, Reliability
Analysis Center, Illinois Institute of Technology Research
Institute for the U. S. Air Force, Rome Air Development
Center, MDED0474, NTIS AD-785-920K, April 1974. '

Microcircuit Device Failure Rates, Illinois Institute of
Technology Research Institute, RAC-MDFR-0674, June
1974. *

Microcircuit Reliability Bibliography, Volume I, "Cumula-
tive Index," Volume II, "Cumulative References," Illinois
Institute of Technology Research Institute, Reliability
Analysis Center, RAC-MRB-0474, April 1974.*

(11) Jet Propulsion Laboratory (JPL)

"Development of Electronic Parts Failure Rates for Long
Duration Space Missions," P. 0. Chelson, Sigol, Jet Pro-
pulsion Laboratory, Presented at the Proceedings of the

Twenty-Secord Electronics Component Conference, 1972.

Low Thrust Mission Risk Analysis With Application to a
1980 Rendezvous With the Comet Encke, C. L. Yen,
D. B. Smith, Jet Propulsion Laboratory, NASA TM 33-
593, March 15, 1973.*

Nuclear Electric Propulsion Stage, J. F. Mondt, M. L.
Peelgren, A. M. Nakashima, T. M. Hsieh, W. M. Phillips,

and G. M. Kitkin, Jet Propulsion Laboratory, California
Institute of Technology, Report Number TM-33-647,

August 1, 1974.

Optimized Si icon Solar Cells For Space Exploration

Power Systems, Peter A. Iles, Final Report, Centralab
Semiconductor Division, Jet Propulsion Laboratory, JPL
Contract 952865, November 1971.

C-41



(11) JPL (Continued)

Preliminary Studies and Recommendation on a Midcourse
Propulsion System for TOPS, Jet Propulsion Laboratory,
September 1969. *

Reliability Compiler (A Reliability Network Processor),

Jet Propulsion Laboratory, October 1972. *

Reliability Computation From Reliability Block Diagrams,
P. 0. Chelson, R. E. Eckstein, Jet Propulsion Labora-
tory For NASA, Contract NAS 7-100, JPL Technical Re-
port 32-1543, December 1, 1971. *

Reliability Computation Using Fault Tree Analy.is, P. 0.
Chelson, Jet Propulsion Laboratory for NASA, Contract
NAS 7-100, JPL Technical Report 32-1542, December 1,
1971. *

Reliability Data for Electronic and Electromechanical
Components, Jet Propulsion Laboratory, April 1975.*

A Rendezvous with Comet Encke Using Solar Electric
Propulsion, R. L. Newburn, Jet Propulsion Laboratory,
JPL Internal Document 701-201.

Satellite Auxiliary-Propulsion Selection Techniques,
L. B. Holcomb, Jet Propulsion Laboratory, Technical
Report 32-1505, November 1, 1970. *

Ibid, "Addendum Survey of Auxiliary Electric Propulsion
Systems, " July 15, 1971. *

Ibid, "Supplement 1 - Application of Selection Techniques
to the ATS-H Satellite, " October 1. 1972. *

Solar Electric Multimissicn Spacecraft, Phase A Final
Report, Spacecraft Subsystem Analysis, JPL, March 1972.

Solar Electric Propulsion Encke Slow-F.yby 1979 Mission
and Spacecraft Description, J. Gerpheide and J. Duxbury,
Jet Propulsion Laboratory, JPL Internal Document 701-
200, June 28, 1974.
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(11) JPL (Continued)

Solar Electric Propulsion System Test, E. V. Pawlik,
E. N. Costogue, J. D. Ferrera, Jet Propulsion Labora-
tory, JPL Technical Report 32-1480, August 15, 1970.

Solar Electric Propulsion Thrust Subsystem Development,
T. D. Masek, Jet Propulsion Laboratory, California
Institute of Technology, Report Number TR 32-1579,
March 15, 1973.

Technical Support Package on Reliability Data for Elec-
tronic and Electromechanical Components: A Report,
Jet Propulsion Laboratory, for NASA, Tech Brief 74-10280.
JPL Invention Report 30-2864/NPO-13153, April 1975.

User's Guide for Prep/Kitt on 1108 Computer, Jet Pro-
pulsion Laboratory, January 25, 1974. *

(12) Lockheed Missile and Space Company, Incorporated

Fault Tree Graphics - Application to System Safety,
Lockheed Missiles and Space Company, Incorporated,
July 1975. 4"

Low Thrust Solid and Hybrid Propulsion Systems (Phase II),
Final Report, Lockheed Missiles and Space Company for
NASA, Contract NAS 7-573, Report Number LMSC-685070,
February 1968.

Solar Array Technology Evaluation Program for SEPS,

Midterm Report, NAS8-30315, Lockheed Missiles and
Space Company, Incorporated, April 1974.

SSD Electronic Parts Orbital Failure Rates (Active and
Dormant Operations) and Associated Failure Modes,
Lockheed Missiles and Space Company, Incorporated,

July 1972.*
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Long-Life Assurance Study for Manned SPacecraft Long-
Life Hardware, R. W. Burrows, Martin-Marietta Corpo-
ration for NASA, Contract NAS 9-12359, Volumes 1-5,
Report Number MCR-72-169, December 1972. *

Revision of RADC Nonelectronic Reliability Notebook
(RADC-TR-69-458), Section 2, D. F. Cottrell et al,
Martin-Marietta Corporation for the Rome Air Develop-
ment Center, NTIS AD/A-002-152, October 1974. *

Ibid, Index and Revision to Section 2, NTIS AD/A-002-
899. *

(14) Massachusetts Institute of Technology (MIT)

Wear Particle Formation Mechanisms, H. Koba, N. H.
Cook, Cambridge Materials Processing Laboratory, MIT,
May 1974. *

(15) McDonnell Aircraft Company

Bibliography on Engines (General), McDonnell Aircraft
Company, April 1973. *

(16) McDonnell Douglas Astronautics Company

"Attitude Control and Translation System/Propulsion
Subsystem, " Sequence Number B242, Volume V of
Laboratory Module/ Effectiveness Model Report, Western
Division, McDonnell Douglas Astronautics Company,
April 1968.*

(17) National Aeronautics and Space Administration (NASA)

Advanced Propulsion Comparison Study - Definition,
Technical Status, Operation, and Cost of Advanced Pro-
pulsion Systems, NASA, April 1973..
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(17) NASA (Continued)

Design Criteria for Spacecraft Propulsion Systems, C. N.
Jennings, Space General for NASA/OART, Contract NAS
7-519, Final Report, October 1967. *

"Generation of Thrust-Electromagnet Thrusters," in
Electric Propulsion for Spacecraft, G. R. Seikel, National
Aeronautics and Space Administration, Washington, D. C.,
NASA SP-22, pages 19-24, 1962.

Liquid Rocket Engine Combustion Stabilization Devices,
Design Criteria Office, Lewis Research Center, NASA,
Report Number NASA SP-8113, November 1974. *

Reliability Testing and Demonstration- -Aerospace Prob-
lems, U. R. Lalli, Lewis Research Center, NASA, Re-
port Number NASA TM X-67877, November 1971.

Reports and Papers Pertaining to Electrostatis Propulsion,
NASA-Lewis Research Center, 1972.

Retention and Application of Saturn Experiences to Future
Programs, W. D. Brown, N. Milly, Quality and Reliability
Assurance Laboratory, Marshall Space Flight Center,
NASA, NASA Technical Memorandum NASA TM X-64574,
September 14, 1971.*

Retention and Application of Skylab Experiment Experiences
to Future Programs, N. Milly. V. G. Gillespie, Quality
and Reliability Assurance Laboratory, Marshall Space Flight
Center, NASA. NASA Technical Memorandum NASA TM
X-64839, May 1, 1974.*

A Study of Programs for Evaluation of Component Life,
Marshall Space Flight Center, NASA, Contract NAS
8-21296, Report Number MCR-69-366, 1969.

A Study of Storage Technology for Various Launch Vehicle
Systems, NASA, Contract NAS 8-21296, Report Number
MCR-68-329, 1968.
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(17) NASA (Continued)

A Study of Total Space Life Performance of GSFC Space-
craft, A. R. Timmins, Goddard Space Flight Center,
NASA, Report Number NASA TN D-8017, July 1975.

(18) United States Navy

An Evaluation of Electric and Hydrazine Propulsion Systems
for Orbit Maintenance, R. U. Silverman, Naval Space Sys-
tems Activity, Final Report NSSA R40-70-3, May 1971.

(19) Planning Research Corporation (PRC)

Reliability Data From In-Flight Spacecraft, 1958-1970,
E. E. Bean, C. E. Bloomquist, PRC for the U. S. Navy
Space Systems Activity, Report Number PRC R-1453,
November 30, 1971. *

Ibid ADDENDUM, November 1972.

A Standardized Approach for the Evaluation of Spacecraft
Reliability, E. E. Bean, C. E. Bloomquist, PRC for the
U. S. Navy Space Systems Activity, Report Number PRC
R-1453, November 30, 1971.*

(20) Princeton University

Methodology for Reliability - Cost-Risk Analysis of
Satellite Networks, Princeton University, March 1974.*

Multiple Payload Risk Considerations, Princeton University,
undated. *

Operational Risk and Reliability of Space Transportation
Systems, Princeton University, undated. *

Reliability Compiler (A Reliability Network Processor),
Princeton University, October 1972. *
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(20) Princeton University (Continued)

Risk Analysis: Flying by the Seat of the Pants Will Not
Serve the Aerospace Manager Nearly So Well as the
Quantitative Gauges of this Modern Treatment of Decision
Making, Princeton University, undated. *

(21) Rockwell International and North American Rockwell

Extended Definition Feasibility Study for a Solar Electric
Propulsion Stage, J. Gilbert, et al, Final Report, Vol-
ume II -"Concept and Feasibility Analysis," Part 1 -
"Planetary Missions, " Rockwell Internation for NASA,
Contract NAS 8-27360, December 1973.

Feasibility Study for a Solar Electric Propulsion Stage,
Space Division, North American Rockwell for NASA,
Contract NAS 8-27360, Report SD 72-SA-0177-1.*

(22) Space Technology Laboratories, Incorporated

Research on the Generation and Acceleration of Submicron-
Size Particles, V. E. Krohn, Space Technology Laboratories,
Incorporated, Summary Report covering August 1959-
February 1962, STL Report 8937-6005-cu-000, 1962.

(23) TRW Systems, Incorporated

Advanced Spacecraft Valve Technology Compilation, TRW
Systems, Incorporated, July 1970. *

Comparative Reliability Study- - Monopropellant - Bi-
propellant Jupiter Mission Systems, R. A. Paulson, TRW
Systems for the Jet Propulsion Laboratory, JPL Con-
tract 952545, November 1969.

Feasibility Study for a Multi-Mission Electric Propulsion
Spacecraft, TRW Systems, Incorporated, Contract No.
NAS-2-6287, Report 18305-6001-R000, June 1971.*
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(23) TRW (Continued)

Study of Advanced Techniques for Determining the Long
Term Performance of Components, TRW Systems, In-
corporated, March 1972.*

(244 University of Southern California

Investigation of the Feasibility of the Delphi Techniqtue for
Estimating Risk Analysis Parameters, University of
Southern California, April 1974. *

(25) Other Publications

1. Books

"The Electromagnetic Pinch Effect for Space Pro-
pulsion, " in Dynamics of Conducting Gases, A. E.
Kunen and W. McIlroy, pages 179-189. Edited by
A. B. Cambel and J. B. Ferin, Northwestern University
Press, Evanston, Illinois, 1960.

Electric Contacts Handbook, R. Holm and E. Holme,
Springer-Verlag, Berlin, Third Edition, 1958.

Elektrische Antriebe von Raumfahrzeugen, G. F. Au,
Verlag G. Braun, Karlsruhe, 1968.

Elements of Rocket Propulsion, G. P. Sutton, John
Wiley & Sons, Incorporated, New York, First
Edition, 1949.

Physics of Electric Propulsion, R. G. Jahn, McGraw-
Hill Book Company, New York-St. Louis-San
F rancisco-Toronto- London-Sydney, 1968.
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2. Conferences

"Position and Orientation Propulsion Systems for

Unmanned Vehicles," A. Burnstein, H. Dicristina,
Presented at the 19th Comges's of th e International
Astronautical Federation, New York, Paper P37,

October 1968.

"STL Heavy Particle Propulsion Program, " E.
Cohen, Presented at the Third Symposium on Ad-
vanced Propulsion Concepts, Cincinnati, Ohio,
October 1962.

3. Dissertation

"On the Electric Propulsion/Mission System: Energ,
Constraints, and Characteristic Surfaces, " K. L.
Atkins, PhD Dissertation, University of Illinois,
Urbana, Illinois, 1974.

4. Magazines

"Electrical Propulsion Systems for Space Ships with
Nuclear Power Source, " E. Stuhlinger, Journal of
Astronautics, Volume 2, page 149, 1955; Volume 3,
pages 11, 33, 1956.

"Electrostatic Rocket Exhaust Effects on Solar-
Electric Spacecraft Systems," D. r. Hall, et al,
Journal of Spacecraft and Rockets, Volume 7,
Number 3, pages 305-312, March 1970.

"Flight Path of an Electrically Propelled Space Ship,"
E. Stuhlinger, Jet Propulsion, Volume 27, Number 4,
Page 410, April 1957.

"Introducing Magnetohydrodynamics, " A. Kantrowitz,
Astronautics, Volume 3, Number 10, October 1958.
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4. Magazines (Continued)

"Low Thrust Flight: Constant Exhaust Velocity in
Field-Free Space. D. 3. Langmuir, Chapter 9.
H. S. Seifert (Editor), Space Technology, John
Wiley and Sons, Incorporated, New York, 1959.
(Also see Chapter 18.)

"Magnetohydrodynamics, " M. U. Clauser, in Space
Technology, Chapter 18, H. S. Seifert (Editor),
John Wiley and Sons, Incorporated, New York, 1959.

"Plasma Motors, " W. Bostick, Advanced Astronauts
Sciences, Volume 2, American Rocket Society,
Plenum Press, Incorporated, New York, 1957.

"Spacecratt Mission Effectiveness, " A. Leventhal
and C. E. Bloomquist, Annals of Reliability and
Maintainability, Spring Issue, 1968.

"Survey of Satellite Auxiliary Propulsion Systems,"
L. G. Holcomb, Journal Spacecraft and Rocket,
Volume 9, Number 3, pages 133-147, March 1972.

5. Papers/Reports

"A Circular 1. 0 AU Out-of-the-Ecliptic Mission
Using Solar Electric Propulsion, J, H. Duxbury,
III EEPC Paper 74-242, October 1974.

Cost Optimization of a Re-Supplied Communications
Satellite System with Mixed-Thruster Electric Pro-
pulsion, R. C. Parkinson, Rocket Propulsion Es-
tablishment, Westcoq, England, Report No. RPE-
TR-20, March 1974.

"Ein Elektrostatisches Raketentriebwerk mit
Hochfrequenzionenquelle, " H. W. Loeb, Astro-
nautica Acta VIII, Volume 1, Number 49. 1962.

"Flexible Solar Array Applications In Communica-
tions Satellites, " W. J. Billerbeck and D. J. Curtin,
IECEC Paper 749045, August 1974.
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5. Papers/Reports (Continued)

Literature Searches on Chemical Propulsion Re-
liability, Obtained through L. Holcomb), Septem-
ber 1969.

"NASA's Position in Electric Propulsion, " R. C.
Finke, Invited Paper Presented at the IIIrd Euro-
pean Electric Propulsion Conference, Hinterzarten,
Germany, October 14-18, 1974.

Reliability Analysis and Prediction Standards, (Ob-
tained through L. Holcomb). April 1965. *

"U.S. Solar-Electric Propulsion Planetary Mission
Candidates: Out-of-the-Ecliptic, Small Bodies,
and Orbiters of Mercury and Saturn, " K. Atkins,
III EEPC Paper 74-243, October 1974.
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5. THERMO-CHEMICAL ELECTRO-THERMAL MONOPROPEL-
LANT

(1) American Institute of Aeronautics and Astronautics (AIAA)

1. Conferences

"NASA Research on Resistance-Heated Hydrogen
Jrt, " J. R. Jack, Presented at the AIAA Electric

, ulsion Conference, Co 1.orado, March 1963.

"Resistojet Engine Performance. A Comparison of
Experiment with Theory, " R. J. Page and C. R.
Halbach, Presented at the AIAA 4th Electric Pro-
pulsion Conference, Philadelphia, Pennsylvania,
August 1964.

2. Journals

"Arcjet Engine Performance: Experiment and
Theory, " R. R. John, S. Bennett and J. F. Connors,
AIAA Journal, Volume 1, Number 11, pages 2517-
2525, November 1963.

"I -KW ArcjetEngine System-Performance Test,"
A. C. Ducati et al., AIAA Journal of Spacecraft
and Rockets, Volume 1, Number 3, pages 327-332,
May-June 1964.

3. Papers

"Ammonia Resistojet Station Keeping Subsystem
Aboard Applications Technology Satellite (ATS)-IV,"
T. K. Pugmire, R. Shaw and R. A. Collens, AIAA
Paper 69-296, March 1969.

"Applied Resistojet Technology, " T. K. Pugmire
and R. Shaw, AIAA Paper 70-211, Presented at the
AIAA 9*h Aerospace Sciences Meeting, New York,
New York, January 1970.
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3. Papers (Continued)

"ATS-III Resistojet Thruster System Performance,
T. K. Pugmire and W. Lund, AIAA Paper 68-553,
June 1968.

"Design and Demonstration of a Radioisojet,
R. Viventi and W. C. Isley, AIAA Paper 67-425,
July 1967.

"Design and Performance of a Thermal Storage
Resistojet, " T. A. Cygnarowicz and R. N. Gibson,
AIAA Pa.per 67-662, September 1967.

"Development of a Biowaste Resistojet," C. R.
Halbach and R. Y. Yoshida, AIAA Paper 70-1133,
Presented at the AIAA 8th Electric Propulsion Con-
ference, Stanford, California, September 1970.

"The Development Of Microthrusters In France
Under the C. N. E.S. Authority, " AIAA Paper 70-617,
Presented at the AIAA 6th Propulsion Joint Specialist
Conference, San Diego, California, June 1970.

"Electrothermal Hydrazine Thruster Development,"
C. K. Murch and C. R. Hunter, AIAA Paper 72-451,
1972.

"Electrothermal Microthrust Systems," A. F. White,
AIAA Paper 67-423, July 1967.

"Electrothermal Thruster Performance with Bio-
waste Propellants," C. K. Murch, AIAA Paper 70-
1161, Presented at the AIAA 8th Electric Propul-
sion Conference, Stanford, California, September
1 970.

"An Experimental Study of Superheated Subliming
Solid Thruster Performance," W. L. Owens, AIAA
Paper 70-210, Presented at the AIAA 8th Aerospace
Science Meeting, January 1970.
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3. Papers (Continued)

"The Hybrid (Hydrazine) Resistojet, " R. R. Schreib,
T. K. Pugmire and S. G. Chapin, AIAA Paper 69-
496, June 1969,

"Investigation of Electrical Systems of Plasma Arc
Jet Engine,". " R. Richter, AIAA Paper 63-044,
Presented at the AIAA Electric Propulsion Con-
ference, Colorado Springs, Colorado, March 1963.

"Life Test of Six High Temperature Resistojets, "

R. J. Page, C. R. Halbach, R. A. Short and M. L.
Ownby, AIAA Paper 69-299, March 1969.

"Low Thrust Propulsion for the MORL, " M. Good-
man, AIAA Paper 66-226, March 1966.

"An Operational Electrothermal Propulsion System
for Spacecraft Reaction Control, " F. A. Jackson,
J. C, Stansel, D. Fortner and C. F. Hagelberg,
AIAA Paper 66-213, March 1966.

"Propulsion Requirements for Communications
Satellites, " W. C. Isley and K. I. Duck, AIAA
Paper 72-515, Proceedings of AIAA Fourth Com-
munications Satellite Systems Conference, Wash-
ington, D.C., April l972.

"Resistojet and Plasma Propulsion System Tech-
nology, " R. V. Greco et al., AIAA Paper 72-1124,
1972.

"A Resistojet System for Attitude Control of Un-
manned Earth Satellites, " Ivan Tobias and R. L.
Kasson, AIAA Paper 65-225, March 1966.

"Resistojet Systems Manned Spacecraft Applications,"
R. V. Greco and D. E. Charhut, AIAA Paper 69-255,
March 1969.

"Subsystems Analyses for a MORL Resistojet Con-
trol System, " A. Pisciotta and E. Eusanio, AIAA
Paper 67-721, September 1967.
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3. Papers (Continued)

"Ten-Millipound Resistojet Performance, " R. J.
Page and R. A. Short, AIAA Paper 67-664, October
1967.

"Thermal and Material Considerations Pertinent to
the Biowaste Resistojet, " T. K. Pugmire and R. R.
John, AIAA Paper 70-1135, Presented at the AIAA
8th Electric Propulsion Conference, Stanford,
California, September 1970.

"3 KW Concentric Tubular Resistojet Performance
Compared With Theory, " R. J. Page, C. R. Hal-
bach and R. A. Short, AIAA Paper 66-224, March
1966.

(2) United States Air Force

Auxiliary Propulsion Survey, Part 1fl, I. Grossman,
T. R. Jones and D. N. Lee, Air Force Aero Propulsion
Laboratory, Technical Report AFAPL-TR-68-67, Part III,
September 1968.

(3) Aeronautic Research Laboratory (ARS)

"The Resistojet, ARS Space Flight Report to the Nation,"
J. M. Howard, ARS Preprint 61-2126, October 1961;
also ARS Journal 33, Number 6, pages 961-962, June
1962.

"Theoretical Performance of Propellants Suitable for
Electrothermal Jet Engines, " J. R. Jack, Presented at
the ARS 15th Annual Meeting, Washington, D.C.; ARS
Preprint Number 1506-60, December 1960; also ARS
Journal 31, pages 1685-1689, 1961.
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(4) ASDT

Investigation of Electric Resistance-Heated Rocket for
Feasibility In Space Propulsion Applications, J. M.
Howard, ASDT PR-62-487, June 1962.

(5) American Society of Mechanical Engineers (ASME)

"Advanced Resistojet Propulsion and Control Systems for
Spacecraft, " R. J. Page and R. A. Short, ASME Paper
70-Av/SpT-10, Space Technology and Heat Transfer Con-
ference, Los Angeles, California, June 1970.

(6) AVCO Corporation

"Weapon System K107A-2, " Volume 2 of The Arc-Jet-
Propelled Space Vehicle Status Report, Research and Ad-
vanced Development Division, AVCO Corporation, for the
U.S. Air Force, Contract Number AF04-647-305, Re-
port Number SR61-27, March 1961.

"Appendices, " Volume 2 of Weapon System 107A-2. The
Arc-Jet-Propelled Space Vehicle, Research and Ad-
vanced Development Division, AVCO Corporation, for the
U.S. Air Force, Contract Number AF04-647-$05, Re-
port Number SR61-61, Volume 2, April 1961.

Arc Jet Technology Research and Development, R. R.
John and S. Bennett, Research and Advanced Develop-
ment Division (now AVSSD), AVCO Corporation, AVCO/
RAD SR 64-239, October 1954.

Design, Development, Fabrication, Test, and Delivery
of Electrothermal Engine Systems, T. K. Pugmire,
Final Report, AVCO Space Systems Division, Report
AVSSD-0062-68-RR, NASA CR-72362, November 1967.

Flight Prototype Ammonia Storage and Feed System,
T. K. Pugmire, AVCO Space Systems Division, Contract
NAS5-10128, Report AVSSD-0100-67-RR, January 1967.
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(6) AVCO Corporation (Continued)

Resistojet Research and Development, Phase II, R. R.
John, Final Report, AVCO Corporation for NASA, NASA
CR-54688, AVCO Report AVSSD-0356-66-CR, Decembei
1966.

(7) Bell Aerosystems Company

Study of Spacecraft Attitude Control Propulsion Devices,
Bell Aerosystems Company, Report No. 8214-933001,
December 1962. (Confidential)

(8) Electro-Optical Systems

Auxiliary Propulsion Survey, R. Shattuck, Part I-"Elec-
tric Thrusters Survey, " Electro-Optical Systems for the
U.S. Air Force, Technical Report AFAPL-.h-68-67,
Part I, September 1968.

(9) Fairchild Hiller Corporation

Final Report: ATS-4, Fairchild Hiller Space Systems
Division for NASA-Goddard, NASA CR-81562, December
1966.

(10) General Dynamics/Convair

Utilization of Electric Propulsion for Interplanetary
Spacecraft, J. E. Stumm, H. D. Girouard, K. W.
Eckert, M. Nelson and R. K. Ruhe, General Dynamics/
Convair, Report Number GDC-ERR-AN-1142, April
1968.
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(11) General Electric Company

Analytical Methods for Resistance Jet Design. N. P.
Jeffries, General Electric, Technical Information Series
Report Number R 64SD3008.

NRL Ammonia Vapor Microthruster System, J. Kamin
and M. L. Bromberg, General Electric, Space Power and
Propulsion Section, Contract N00014-66-C0129, Septem-
ber 1966.

Simulated Radioisotope Thrust System and Component De-
velopment, Final Report, R. E. Viventi et al., General
Electric Nuclear Systems Programs, Report GESP-87.

(12) Hamilton Standard, Division of United Aircraft Corpora-
tion

Hydrazine Impurity Survey, P G. L. M. Christo-
pher and C. T. Brown, Hamilton Standard Division,
United Aircraft Corporation for the U.S. Air Force,
Technical Report January 1973-March 1973, AFRPI,-T'R-
73-24, Contract F04611-73-C-0019, June 1973.

Monopropellant Hyarazine Tank Self-Pressurizer Demon-
stration Program, E. R. Bruun and J. E. Genovese,
Hamilton Standard Division, United Aircraft Corporation,
Final Report November 1971-December 1972, SVHSER-
6049, AFRPL-TR-73-55, Contract F04611-72-C-0021,
June 1973. -:

(13) ITR

Resistance-Heated Thrustor Research, J. P. Todd,
Plasmadyne, Report ITR 093-18628, September 1963.
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(14) JANNAF

"An Experimental Evaluation of Metallic Diaphragms for
Positive Fuel E ., Iion in the Atmosphere Explorer
Hydrazine Propui. n Subsystem, " in 1972 JANNAF Pro-
pulsion Meeting, W, L. Woodruff, Goddard Space Flight
Center, NASA, Technical Report November 1972, CPIA
Publication 228, Volume IV, Contract NAS 3-12026,
December 1972.

(15) Jet Propulsion Laboratory (JPL)

"Survey of Materials for Hydrazine Propulsion Systems
in Multicycle Extended Life Applications, " C. D. Coulbert
and G. Yankura, Jet Propulsion Laboratory, California
Institute of Technology, Technical Memora~dum TM-33-
561, Contract NAS 7-100, September 1972.

(16) The Marquardt Corporation

Resistojet Thruster Life Test, R. J. Page, R. A. Short
and M. L. Ownby, Rocket Systems Division, The Mar-
quardt Corporation, First Quarterly Report for Contract
Number NAS-1-8090, July 1968.

Survey of the Electric Propulsion Field, A. Belsley, The
Marqtuardt Corporation, Report Number MIR 399, May
1971.

3-kw Concentric Tubular Resistojet Performance, The
Marquardt Corporation, November 1966.

(17) National Aeronautics and Space Administration (NASA)

The Design and Performance of a 3-kw Concentric Tube
Resistojet, R. J. Page and R. A. Short, NASA CR-54410,
September 1965.

Electrothermal Fngine Research and Development,
S. Bennett, NASA Report CR-54104.
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(18) Princeton University

Resistojet and Plasma Propulsion System Technology,
Princeton University, December 1972. *

(19) Rocket Propulsion Establishment

Cost Optimization of a Re-Supplied Communications Satel-
lite System with Mixed-Thruster Electric Propulsion,
Rocket Propulsion Establishment, March 1974.

(20) TRW Systems j-,, incorporated

Electrothermal and Radioisotope Heated Propulsion for
Spacecraft Reaction Control, TRW Systems Group, Feb-
ruary 1968.

Monopropellant Spacecraft Maneuvering and Attitude
Control System, TRW Systems Group, December 1968.

Radioisotope Propulsion Technology Program (POODLE)
Final Report, Volumes I, II, & II, TRW Systems, Con-
tract Number AT (04-3)-517, Report STL-517-0049,
April 1967.

Study of Monopropellants for Electrothermal Thrusters,
J. D. Kuenzly, TRW Systems Group, Report 22409-6014-
RU-00, March 1974.

(21) United Aircraft Corporation (See Hamilton Standard)
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* (22) Other Publications

1. Magazines

"Life Test Summary and High Vacuum Tests of
10-mlb Resistojets, " R. Y. Yoshida, C. R. Hol-
bach and C. S. Hill, Journal of Spacecraft and
Rockets, Volume 8, Number 4, pages 414-416,
April 1971.

"3-kw Concentric Tubular Resistojet Performance,
R. J. Page, C. R. Halbach and R. A. Short,
Journal of Spacecraft, Volume 3, Number 11,
November 1966."

2. Papers/Reports

Reliability Electronics, Defense Documentation
Center, DDC-TAS-74-35, October 1974.
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6. THERMO-CHEMICAL (CATALYTIC MONOPROPELLANT)

(1) Aerojet General Corporation

Monopropellant Rocket Engines, Propulsion Division,
Aerojet-General Corporation, June 1969.

(2) Aerojet Liquid Rocket Company

Final Report AJ 46-3 Monopropellant Thruster (5 lbj.),
D. Lemke, Aerojet Liquid Rocket Company, Contract
FO4611-72-C-0075, September 22, 1975.

(3) Aerospace Corporation

Propulsion Systems for Advanced Geosynchronous
Satellites, G. Nunz and J. Oberstone, Aerospace Corpora-
tion for the U.S. Air Force, Air Force Report No.
SAMSO-TR-70-171. May 1970.

Qualification Test Program for the DSCP-2 Hydrazine
Rocket Engine Assembly, R. L. Doebler, Aerospace C
Corporation, Report Number TOR-0059 (6143)-26,
January 22, 1971.

A Survey of Monopropellant IHydrazine Thruster Tech-
nology, Aerospace Corporation, November 1973. *

(4) American Institute of Aeronautics and Astronautics
(AIAA) Paper

"Mic rothrust Mon. propellant Hydrazine 2ropulsion
System Technology," R. F. Eggers, AIAA Paper 68-556,
Presented at the AIAA 4th Propulsion Joint pecialist
Conference, Cleveland, Ohio, June 1968.
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(5) United States Air Force

Performance Mapping of Hydrazine Attitude Control
Thrusters: Interim Report, J. A. Quirk, Air Force
Rocket Propulsion Laboratory, Edwards AFB,
California, 1974. *

Transtage ACS Valve Storage Tests, G. J. Gunderson,
Air Force Rocket Propulsion Laboratory, Edwards AFB.
Technical Report AFRPL-TR-70-150, January 1971. ,",

Transtage ACS Valve Storage Tests, C. J. Gunderson,
Air Force Rocket Propulsion Laboratory, Edwards AFB,
Technical Report AFRPI,-TR-72-14, March 1972. *

(6) COMSAT Corporation

Success Criteria for Intelsat IV on a per Channel Basis,

R. Strauss, COMSAT Corporation, COMSAT Task 211 -
4019, TCLP 112, September 11, 1968.

(7) Fairchild Hiller Corporation

Final Report: ATS-4, Fairchild Hiller Space Systems
Division for NASA-Goddard, NASA CR-81562, December
1966.

(8) General Dynamics/Convair

Space Tug Attitude Control Systems, Monopropellant
Versus Bipropellant. General Dynamics/Convair, 1974. *

(9) Hamilton Standard, Division of United Aircraft Corporation

0.1 lb, 15-Hour Continuous Mode Firing Test Results,
Proposal, Hamilton Standard.

Final Report on 0. 1 lb. Valve/Thruster Evaluation Testing,
W. Beauregard, Hamilton Standard, Report SVHSER 5447,
Volume I, July 1969.
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(9) Hamilton Standard, Division of United Aircraft
Corporation (Continued)

Final Report, 0.1 lbf Valve/Thruster Evaluation Testing,

Volume 1 Valve/Thruster Performance, Hamilton
Standard, Report SVHSER 5447, July 1969.

Hydrazine Impurity Survey, Phase I, G. L. M. Christopher,
C. T. Brown, Hamilton Standard Division, United Aircraft
Corporation for the U. S. Air Force, Technical Report
January 1973 - March 1973, AFRPL-TR-73-24, Contract
F04611-73-C-0019, June 1973.-

Long Life 5 lbf Hydrazine Engines for Endurance Re-
quirements, Hamilton Standard, Report SP13R68,
August 1968.

Monopropellant Hydrazine Rocket Engine, Hamilton
Standard for the Jet Propulsion Laboratory, Report
HSPC 69R02, May 1969.

Monopropellant Hydrazine Rocket Engine Technical In-
formation, H1amilton Standard for the Jet Propulsion
Laboratory, Report Number IISPC 691202, May 1969.

Monopropellant Hydrazine Tank Self-Pressurizer Demon-
stration Program, E. I. Bruun, J. E. Genovese,
Hamilton Standard Division, United Aircraft Corporation,
Final Report November 1971 - December 1972, SVHSER-
6049, AFRPL-TR-73-55, Contract F04611-72-C-0021,
June 1973. ::

(10) The Johns Hopkins University

Monopropellant Hydrazine Technology (Bibliography),
The Johns Hopkins University, August 1975.

(11) Hughes Aircraft Company

Proposal for Intelsat IV Satellite and Associated Equip-
ment, Hughes Aircraft Company, Document Number
PFP 68-3, Volume IV, 1968.
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(12) JANNAF

"An Experimental Evaluation of Metallic Diaphragms
for Positive Fuel Expulsion in the Atmosphere Explorer
Hydrazine Propulsion Subsystem, " In 1972 JANNAF
Propulsion Meeting, W. L. Woodruff, NASA Goddard
Space Flight Center, Technical Report November 1972,
CPIA Publication 22?, Volume IV, Contract NAS 3-12026
December 1972.

"Flight Performance of Hydrazine Thrusters on Intelsat
and IV," In 1972 JANNAF Propulsion Meeting, G. Huson,
W. Kinney, Communications Satellite Corporation, COM-
SAT Laboratory, Technical Report November 1972, CPla
Publication 228, Volume IV, December 1972.

"Life Evaluation of Monopropellant Hydrazine Thruster,
In 1972 JANNAF Propulsion Meeting, J. A. Quirk, Air
Force Rocket Propulsion Laboratory, Edwards AFB,
Technical Report November 1972, December 1972.

"Mariner Spacecraft Experience with Monopropellant
Hydrazine Propulsion Systems," In 12th JANNAF Liquid
Propulsion Meeting, R. W. Rowley, California Institute
of Technology, Jet Propulsion Laboratory, Technical

Report, Contract NAS 7-100, 1970.

"Mariner Spacecraft Experience with Monopropellant
Hydrazine Propulsion Systems, " In 12th JANNAF Liquid
Propulsion Meeting, R. W. Rowley, Technical Report

November 1970, CPIA Publication 201, Volume I, Con-
tract NAS 7-100, October 1970.

(13) Jet Propulsion Laboratory (JPL)

Comparative Reliability Study: Monopropellant-Bipropellant
Jupiter Mission Systems, Jet Propulsion Laboratory,

November 1969. *

Failure Rate Analysis of Mariner Venus 69 Spacecraft Data,
F. H. Wright, Jet Propulsion Laboratory for NASA, Contraci
Number NAS 7-100, Jet Propulsion Laboratory Technical
Report 32-1266, June 1, 1969.-
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(13) JPL (Continued)

Failure-Rate Computations Based on Mariner Mass 1969

Spacecraft Data, P. 0. Chelson, JPL for NASA, Contract
Number NAS 7-100, JPL Technical Report 32-1544,
December 1, 1971.*

Preliminary Studies and Recommendations on a Midcourse
Propulsion System for TOPS, Jet Propulsion Laboratory,
September 1969.*

Selected Component List, Jet Propulsion Laboratory,
August 1969. *

The Status of Monopropellant Nydrazine Technology,
T. W. Price and D. D. Evans, Jet Propulsion Laboratory,
Technical Report 32-12271, February 1968.

A Survey of the Compatibility with Hydrazine and Mixtures
of Hydrazine, Hydrazine Nitrate, and Water, D. H. Lee,
JPL, LPIA-LPM-1 (Hydrazine, March 1961), Memorandum
20-152, December 22, 1957.*

Survey of Materials for Hydrazine Propulsion Systems in
Multicycle Extended Life Applications, C. D. Coulbert,
G. Yankura, California Institute of Technology, Jet Pro-
pulsion Laboratory, Contract NAS 7-100, Technical
Memorandum TM-33-561, September 1972. '

(14) The Marquardt Corporation

Basic Data Package Flight Weight Hydrazine Monopro-
pellant REA, Model R12D, 5-lb Thrust, Propulsion Divi-
sion, The Marquardt Corporation, August 1969.

Basic Data Package Flight Weight Hydrazine Monopro-
pellant REA, Model R25A, 0. 1-lb. Thrust, Propulsion
Division, The Marquardt Corporation, August 1969.

Investigation of Exhaust Nozzle Flow Phenomena In Arc
Jet Engines, L. R. Oswalt, A. Widawsky, The Marquardt
Corporation, Contract NAS 8-8951, Report Number MR-
25,052, May 1962.
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(14) The Marquardt Corporation (Continued)

"Optimization of Conical Nozzle Angle with Viscous
Velocity Profile, " E. Pitkin, The Marquardt Corporation
Interoffice Memo, December 13, 1962.

User's Manual for the Marquardt Model R-13E 5 lb Thrt
Monopropellant Engine, R. C. Stechman, The Marquard'
Corporation, May 1973.

Viscous Laminar Flow in Conical Nozzles, E. Pitkin, Th.
Marquardt Corporation, Report Number MR-20, 187,
July 1962.

(15) Princeton University

Nuclear Propulsion Systems and Mission Analysis Reseax c,,.
Reliability Model of a Monopropellant Auxiliary Propulsiu,,
System. Aerospace System Laboratory, Princeton University,
June 1971. *

Reliability Model of a Monopropellant Auxiliary Propulsion
System, J. S. Greenberg, Princeton University for NASA
Technical Report AMS-997, NASA CR-131400, Grant NSR-
31-001-150, June 1971.

"Space System Comparison and Evaluation - Basic Concepts,"

J. Greensberg, Aerospace Systems Laboratory, Princeton
University, ASAR Memo Number 71, May 28, 1971.,.

(16) RCA

A Mathematical Model for the Performance of a Spacecraft
Auxiliary Propulsion System, R. Lake, RCA, Number RCA
PRAE-71-TR-014, May 21, 1971. -

(17) Rocket Research Corporation

Advanced Fleet Ballistic Missile Weapon Systems, Rocket
Research Corporation, June 1972.*
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(17) Rocket Research Corporation (Continued)

Engine Life Consideration--In 1972 JANNAF Propulsion
Meeting, F. McCullough, Jr., Rocket Research Corpora-
tion, Contract NAS 8-28950, Technical Report November
1972, CPIA Publication 228, Volume 1V, December 1972. *

Hydrazine Propulsion System Reliability Description,
Rocket Research Corporation, Subcontract Number 9006-
085-1.6043, July 1975.*

Long-Life Monopropellant Eldrazine Engine Development
Program, B. W. Schmitz, W. W. Wilson, Rocket Research
Corporation for the U. S. Air Force, Final Report April
1970 - June 1971, RRC-71-R-25, AFRPL-TR-71-1A3,
September 1971. *

MR-50A Rocket Engine Assembly Design and Description,
Rocket Research Corporation, Report 69-R-183, November
1969.

MR-74 Rocket Engine Test Report, B. Schmitz, Rocket
Research Corporation, Report Number 69-R-194, August
1969.

Monopropellant Hydrazine Plenum System, Rocket Research
Corporation, First Quarterly Report under Contract Number
NAS 5-10389 (67-R-117), August 24, 1961.

Final Report for Monopropellant Hydrazine Plenum Stud,
Rocket Research Corporation, December 1969.

Planetary Explorer Liquid Propulsion Stud, Rocket Re-
search Corporation, June 1971.*

Propulio Sstem Reliab!lity Stud, Rocket Research
Corporation, September 1974. *

Reaction Engine Module - Monopropellant (FMECA),
Rocket Resea-ch Corporation, June 1973. *

(18) Textron Bell Aerospace

Operational Effects on the Life Monopropellant Hydrazine
Devices, Textron Bell Aerospace, October 1975.*
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(19) TRW Systems, Incorporated

Bi-Propellgait, Mono-Propellant Reliability, R. A.
Paulson, TRW Systems, Report Number 95254, August 1,..

Comparative Relability Study -- Monopropellant-Bipropel -

lant Jupiter Mission Systems, R. A. Paulson, TRW Sys-
tems, Incorporated, for JPL, JPL Contract 952545,
Final Report, November 1969.

Half-Pound Monopropellant Hydrazine Thruster, TRW
Systems Group, December 1968.

Monopropellant Spacecraft Maneuvering and Attitude
Control System, TRW Systems Group, August 1969.

(20) United Aircraft Corporation (See Hamilton Standard)

(21) United Technologies Research Center

Analysis of Gas Pressure Buildups Within a Porous
Catalyst Particle Which Is Wet by a Liquid Reactant,
A. S. Kesten, United Technologies Research ('enter,
May 1970. *

Analytical and Fxperimental Studies of the Startup Charac-
teristics of Catalytic Reactors for Hydrazine Decomposition,
A. S. Kesten, United Technologies Research Center,
November 1968. '*

Analytical Study of Catalytic Reactors for l1d .azine
Decomposition, A. S. Kesten, United Technologies
Research Center, undated. -;.

Ascent Phase Guidance and Orbital Correction Propulsion
Module, A. S. Kesten, United Technologies Research
Center, November 1973. *

A Conceptual Model of Ilydrazine Catalytic Reactor Washout
Caused by Decomposition Product Poisoning and Pressure
Buildup, A. S. Kesten, United Technologies Research
Center, November 1972. *
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(21) United Technologies Research Center (Continued)

An Integral Equation for Evaluating the Effects of Film
and Pore Diffusion of Heat and Mass on Reaction Rates
in Porous Catalyst Particles, A. S. Kesten, United
Technologies Research Center, January 1969. *

Motion Picture St .es of the Startup Characteristics of
Liquid Hydrazine Catalytic Reactors, A. S. Kesten,
United Technologies Research Center, June 1971. *

The Use of Axial Heat Conduction as a Mechanism for
Promoting Exothermic Chemical Reactions in Packed-
Bed Reactors, A. S. Kesten, United Technologies Re-
search Center, September 1970.*

(22) Walter Kidde and Company

300-LBF Monopropellant Hydrazine Thruster Life

Evaluation, G. M. Hall, T. P. Layendecker, Aerospace
Marketing Division, Walter Kidde and Company for the
U.S. Air Force, Final Report November 1971 - April 1972,
Report Number 4928-FTR-1, AFRPL-'I R-73-23, Con-
tract F04611-72-C-0027, March 1973.

(23) Other Publications

1. Magazines

"Hydrazine Monopropellant Provides 0. 5-600 lb
Thrust," T. W. Price, Space Aeronautics, page 70,
October 1969.

2. Papers / Reports

Thrusters for ESRO "Symp-honie" Satellite; 10-N
Thruster is MON 0, 3/MMH, 400-N Thruster
MON 0, 3/AZ 50, Messerschmitt-Bblkow-Blohm
Unternehmenbereich Raumfahrt; Contact is Fortek
Corporation. *
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7. THERMO-CHEMICAL (BIPROPELLANT)

(1) Aerojet Liquid Rocket Company

Five-Pound Bipropellant Engine, Aerojet Liquid Rocket
Company, September 1974. *

(2) United States Air Force

Minuteman III Propulsion System Rocket Engine Reliability
and Failure Status Report, 5/10/75 through 6/20/75, Space
and Missile Systems Organization, Air Force Systems
Command, Norton Air Force Base, California, Contract

F04701-73-C-0214, Report Number 8477-928946. ".,

Ten-Year Surveillance Program Progress Report Bell
Model 8477, 9/1/74 through 2/28/75, Ogden Air Logistics
Center, Air Force Logistics Command, Hill Air Force
Base, Utah, Contract F04701-73-C-0451, Report Number
8477-927789.

Thermodynamics of Rocket Propulsion and Theoretical
Evaluation of Some Prototype Propellant Combustions,
T. Dobbins, Wright Air Development Center, Report
TR-59-757, December 1959.

(3) JANNAF

"Post-Boost Propulsion Experience, " Major H. W. Galo,
Captain N. Adams, SAMSO, Norton Air Force Base, Pre-
sented at JANNAF Meeting, undated.

(4) Jet Propulsion Laboratory (JPL)

Reliability Analysis (Hough Draft), Jet Propulsion Labora-
tory, Contract Number 952545, September 16, 1969. *

Selected Component List, Jet Propulsion Laboratory,
August 1969.*
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(5) The Marguardt Corporation

Electro-Chemical Propulsion Technology, The Marquardt
Corporation, undated. *

Investigation of Exhaust Nozzle Flow Phenomena in Arc
Jet Engines, L. R. Oswalt and A. Widawsky, The Marquardt
Corporation for NASA, MR 25,052, Contract NAS 8-8951,
May 1962.

Model R-1E 22 Pound Thrust Liquid Rocket Engine, The
Marquardt Corporation, undated. *

Model R-4D 100 Pound Thrust Liquid Bipropellant Rocket
Engine, The Marquardt Corporation, undated. *

"Optimization of Conical Nozzle Angle with Viscous
Velocity Profile, " E. Pitkin, The Marquardt Corporation,
Interoffice Memo, December 13, 1962.

Technical Description: Marquardt Model R-1E 22 Pound
Thrust Rocket Engine, The Marquardt Corporation,
October 1972.*

Viscous Laminar Flow in Conical Nozzles, E. Pitkin,
The Marquardt Corporation, MR-20, 187, July 1962.

(6) TRW Systems, Incorporated

Bi-Propellant, Mono-Propellant Reliability Study, R. A.
Paulson, TRW Systems, Incorporated, Contract Report
Number 95254, August 1969.

Comparative Reliability Study- -Monopropellant-Bipropel
lant Jupiter Mission Systems, Final Report, R. A. Paulson,
TRW Systems for JPL, JPL Contract 952545, November
1969.
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8. THERMO-C-EMICAL (GENERAL)

(1) Advanced Technology Center

Procedure for the Design and Optimization of Liquid Roct

Propulsion Systems, Advanced Technology Center, April
1966. *

(2) Aerospace CorporaLion

Candidate Low Thrust Devices For the Space Station
Reaction Control System, G. Nunz, Aerospace Corporation,
Contract F04701-69-C-0066, Report Number TOR-0066
(5759-03-1), May 1970.

Experimental Performance of Anhydrous Ammonia, D. J.
Griep, Contract Number AF 04 (696) 469, Aerospace
Corporation Report Number TDR-469 (5230-33)-l,
October 1964.

(3) Aerospace Industries

Dynamic Performance of Low Thrust Cold Gas Reaction
Jets in a Vacuum, H. Greer and D. J. Griep, Aerospace

Industries, Report Number TR-669(6230-33)-1, August
1966.

Dynamic Performance of a Subliming Solid React' )n Jet,

H. Greer and D. J. Griep, Aerospace Industries, Report

Number TR-1001 (2230-33)-i, December 1966.

(4) American Institute of Aeronautics and Astronautics (AIAA)

1. Conferences

"Design Criteria for Subliming Solid Applications,"

I. M. Kindevater, Presented at ICRPG/AIAA Solid
Propulsion Conference, Anaheim, California, June 6-
8, 1967.

C-7 3



Conferences (Continued)

"Microthrusters Employing Catalytically Reacted
Gas Mixtures, Tridyne, " H. E. Barber, et al, Pre-
sented at the AIAA 6th Propulsion Joint Specialist
Conference, San Diego, California, June 1970.

"Subliming Solid Propulsion System Technology,"

R. F. Eggers, Presented at ICRPG/AIAA Solid
Propulsion Conference, Anaheim, California,
June 6-8, 1967.

2. Journals

"Dynamic Performance of Low-Thrust, Cold Gas
Reaction Jets in a Vacuum, " H. Greer and D. J.
Griep, AIAA Journal of Spacecraft, Volume 4,
Number 8, page 983, August 1967.

"Thrust and Impulse Requirements for Jet Attitude-
Control Systems," V. E. Haloulakos, AIAA Journal
of Spacecraft, Volume 1, Number 1, page 84,
January 1964.

3. PaperI

"Attitude Control With ttydrogen Microthrusters,"
F. J. Hendel, AIAA Paper 70-613, Presented at the
AIAA 6th Propulsion Joint Specialist Conference,
San Diego, California, June 1970.

"The Chemistry of Subliming Solids For Micro Thrust
Engines, " A. P. Hardt, W. M. Foley and R. L.
Brandon, AIAA Paper 65-595, June 14-18, 1965.

"Design Aspects of Subliming Solid Reaction Control
Systems," W. L. Owens, Jr., AIAA Paper 68-516,
June 1968.

"The Development of Microthrusters in France under
the C. N. E. S. Authority, " J. P. Pujes, AIAA Paper
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3. Papers (Continued)

70-617, Presented at the AIAA 6th Propulsion Joint

Specialist Conference, San Diego, California, June
1970.

"Low Thrust Mission Risk Analysis, " C. L. Yen,
D. B. Smith, AIAA Paper Number 73-208, Presenter
at the AIAA 11th Aerospace Sciences Meeting,
Washington, D. C., January 1973.'

-8

"A Review of Micro-Rocket Technology: 10 to
1 lb. Thrust," G. S. Sutherland and M. E. Maes,
AIAA Paper 65-620, June 1965.

"Spacecraft Capillary Propellant Retention and Cor -

trol for Long-Lie Missions, " S. C. Deflrock,
AIAA Paper 68-465, April 1968.

"Synchronous Satellite Station-Keeping, " M. J.

Neufeld and B. M. Angel, AIAA Paper 66-304,
May 1966.

"Zero Gravity Ammonia Propellant Sy3tem, " W. F.
Krieve, F. L. Merritt and R. Grobbi, AIAA Paper
70-I151, Presented at the AIAA 8th Electric Pro-
pulsion Conference, Stanford, California, September
1970.

(5) United States Air Force

Bambi Phase II. Technical Investigations Single Interceptor
Satellite, Volume Ili, Space Systems Division, Los Angeles
Air Force Station, November 1962. -

Methods for Control of Satellites And Space Vehicles, R. E.
Roberson. Volume I, Wright Air Development Division,
WADD Technical Report 60-643, July 1960.

Reaction Engine Module Test Evaluations, F. N. Fredrickson,
Air Force Rocket Propulsion Laboratory, Edwards AFB,
Final Report August 1971 - January 1972, Report Number
AFRPI.-TR-72-,44, July 1972.
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(6) Allis-Chalmers

A Study of the Feasibility of a Separated 02H2 Electro-
thochemical Propulsion System, E. Picciotti, K. Rouch,
and C. Pox, Advanced Electrochemical Products Division,
Allis Chalmers, September 1969.

(7) AVCO Corporation

Reliability Engineering Data Series Failure Rates,
D. R. Earles and M. F. Eddins, AVCO Corporation,
April 1962.

Solenoid Valve Qualification Test Report ATS-D/E
Auxiliary Propulsion System, AVCO Corporation for
NASA, Report Number AVSSD-0165-68-CR for
Contract Number NAS 5-10394, August 1968.

(8) Ball Brothers Research Corporation

Final Report and Technical Manual S-16 Orbiting Solur
Observatory, F. D. Dolder, Ball Brothers Research

Corporation.

(9) Battelle Memorial Institute

Compatibility of Rocket Propellants with Materials of
Construction, Defense Metals Information Center, Battelle
Memorial Institute, OTS PB- 161215, DM1C Memorandum
65, September 15, 1960.*

(10) Bird Engineering-Research Associates

Reliability of the Cold Gas Attitude Control System,
R. H. Broadhurst, Bird Engineering -Research
Associates, Incorporated, May 1967.

C-76



(11) Boe-ng Aircra.f Company

Voyage.- '71 Program (Reliability Analysis), Boeing
Aircraft Company, Report D2-23834-1, April 1965.

(12) COMSAT Corporation

A User Assessment of Servicing in Geostationary Orbit,
COMSAT Corporation, undated. "

(13) Curtiss-Wright

Encapsulated Solid Propellant Rockets, Curtiss-Wright,
Report Number WAD R831, August 1966.

(14) Dayton Univerjity

Experimental Evaluation of a Reliability Assessment
Model for Adhesively Bonded Joints, Dayton University,
June 1974.*

(15) DRL

Vikin g 75 Project VLC Reliability Prediction Analysis,
RA-372-0059, DRL Line Item Ni'mber Ng-R002, NAS 1-9000.

(16) Energy Research and Development Administration (ERDA)

Operational Risk and Reliability of Space Transportation
Systems, ERDA, undated.':'

(17) Fairchild Hiller Corporation

Analysis of a Cold Gas Thruster Subsystem for the
Anchored Interplanetary Monitoring Platform Attitude
Control System, Space and Electronic Systems Division,
Fairchild Hiller Corporation, SSD- 165.0, December 1966.
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(18) General Electric Company

Application of Cost Effectiveness Criteria as a Basis for
Attitude Control System Selection, R. F. Wanger, Gen-
eral Electric Corporation, Spacecraft Department, Report
PIR 9752-039, April 1, 1964.

"Failure Modes and Effects Criticality Analysis,"
Volume V of Superconducting Propulsion System, B.D.
Hatch and D. L. Kerr, Power Generation and Propulsion
Laboratory, General Electric Company, for the U. S. Navy,
Contract Number N00024-73-C-5488, Report Number
SRD-74-106-,, November 1974.

(19) Giannini Scientific Corporation

Study of the Factors Affecting the Efficiency in Thermal
Acceleration of Propellants, A. C. Ducati, Giannini
Scientific Corporation, Sixth Quarterly Technical Report
6QS-113-1161, October 1963.

(20) Hughes Aircraft Company

Hydrazine Electrolysis for Spacecraft Propulsion,
W. W. Butcher, Space Systems Division, Hughes Air-
craft Company for JPL, Report for JPL Contract

Number 951720 ISS080316R, August 1968.

Nonelectric Reliability Notebook, Hughes Aircraft Com-
pany for Rome Air Development Center, NTIS AD/A-005-657,

January 1975.

Spacecraft Attitude Control Gas Sy~,tem Aaalysis,
W. W. Butcher, et al., Hughes Ai.-craft Company, Report
SS07017212, April 1967.

(21) Illinois Institute of Technology (UIT)

Aerospace Tanks, Volumes I and I, Illinois Institute of
Technology, Research Institute, IITRI Project C6309,
JPI Contract 953830, July 19'74.
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Attitude Control Propulsion Components, Volumes I anr
Illinois Institute of Technology, Research Institute, TTTT
C6309, JPL Contract 953830, November 1974.-

(22) Jet Propulsion Laboratory (JPL)

Design and Evaluation of Propellant Tankage for SEPST
Program, J. R. Womack, Jet Propulsion Laboratory,
SPS 37-58, Volume III, August 1969.*

Failure Rate Computations Based on Mariner Mars 1964
Spacecraft Data, F. 1H. Wright, Jet Propulsion Lab-
oratory, Technical Report 32- 1036, January 15, 1967.

Low Thrust Mission Risk Analysis with Application to a
1980 Rendezvous with the Comet Encke, C. L. Yen,
D. B. Smith, Jet Propulsion Laboratory, NASA TM 33-593,
March 15, 1973.,,.

Reliability Computation from Reliability Block Diagrams,
P. 0. Chelson, R. E. Eckstein, Jet Propulsion Laboratory
for National Aeronautics and Space Administration,
Contract NAS 7- 100, JPL Technical Report 32- 1543,
December 1, 1971.:'

Reliability Computation Using Fault Tree Analysis, P. 0.
Chelson, PIPL for NASA, Contract NAS 7- 100, JPT.
Technical Report 32- 1542, December 1, 1971. -.

Satellite Auxiliary- Propulsion Selection Techniques,
L. B. Holcomb, Jet Propulsion Laboratory, Technical
Report 32- 1505, November 1, 1970. *

Ibid, "Addendum Survey of Auxiliary Electric Propulsion
Systems, " July 15, 1971.

Ibid, "Supplement 1-Application of Selection Techniques
to the ATS-I Satellite," October 1, 1972.*.

Spacecraft Attitude Control Gas Systems Analysis, ,let
Propulsion Laboratory, JPL Contract 951720, Report
Number SSD 70172R, April 1967.-*
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(22) Jet Propulsion Laboratory (Continued)

Technical Support Package on Reliability Data for
Electronic and Electromechanical Components: A Report,
Jet Propulsion Laboratory, for NASA TECHBRIEF
74- 10280, JPL Invention Report 30-2864/NPO- 13153,
April 1975.

"Viking Reaction Control Gas System Weight Reduction
Analysis Phase I, " J. D. Ferrera and F. G. Roselli-
Lorenzini, Jet Propulsion Laboratory, Engineering
Memorandum 344-222FGR-L, April 1969.

(23) Life Systems, Incorporated

In- Flight Bipropellant Generator for Attitude Control,
Life Systems. Incorporated, June 1969.

(24) Lockheed Missile and Space Company, Incorporated

Low Thrust Solid and Hybrid Propulsion Systems (Phase II)
Lockheed Missiles and Space Company, for NASA, Con-
tract NAS 7-573, Final Report L.MSC-685070, February
1968.

Subliming Solid Reaction Control System, Missile & Space
Company, Lockheed Aircraft Corporation, Final Report
Number LMSC-679102, October 1967.

Final Report, Subliming Solid Reaction Control System,
Lockheed Missiles and Space Company, Report LMSC-
5,102, Hughes Aircraft Company Purchase Order

44-819904, October 1967.

(25) Martin-Marietta Corporation

Handbook of Piece Part Failure Rates Long Life Spare
Vehicle Investigation, Martin-Marietta Corporation, Task
Authorization TOS 48891, Report Number T-70-48891-007.
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(25) Martin-Marietta Corporation (Continued)

Long-Life Assurance Stuady for Manned Spacecraft Long-
Life Hardware, R.W. Burrows, Martin-Marietta Cor-
poration for NASA, Contract NAS 9-12359, Volumes 1-5,
Report Number MCR-72-169, December 1972. -",

Revision of RADC Nonelectronic Reliability Notebook
(RADC-TR-69-458), Section 2, D. F., Cottrell et. al,,
Martin-Marietta Corporation for the Rome Air Develop-
ment Center, NTIS AD/A-002- 152, October 1974. -

Ibid, Index and Revision to Section 2, NTIS AD/A-002-89r.

Voyager Studies, Martin-Marietta Corporation, Report
FR-22- 103, Volume II, Section I, 1967.

(26) Massachusetts Institute of Technology (MIT)

Wear Particle Formation Mechanisms, H. Koba, N. H.
Cook, Cambridge Materials Processing Laboratory,
Massachusetts Institute of Technology, May 1974.

t27) McDonnell Douglas Astronautics Company

"Attitude Control and Translation System/Propulsion
Subsystem," Sequence Number B242, Volume V of

Laboratory Module/ Effectiveness Model Report, Western

Division, McDonnell Douglas Astronautics Company,
April 1968.

(28) National Aeronautics and Space Administration (NASA)

AIMP-E Attitude Control System, D. K. McCarthy and
R. H. Corter, Goddard Spact Flight Center, Report
X-723-68-410, November 1968.

Design Criteria for Spacecraft Propulsion Systems, C.N.
Jennings, Space General for NASA/OART, Contract
NAS 7-519, Final Report, October 1967.'-
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(28) NASA (Continued)

Evaluation and Demonstration of the Use of Cryogenic
Propellants (02 .H2) for Reaction Control Systems,
N. Rodewald, G. Falkenstein, P. Herr, and E. Provo,
NASA, Report Number NASA CR-72244 (R-6838-2), June 1968.

Evaluation and Demonstration of the Use of Cryogenic
Propellants (0 /H 2 ) for Reaction Control Systems,
N. Rodewald, G. Falkenstein, P. Herr, and E. Provo,
for NASA, Volume II, NASA CR-72244 (R-6838-2), June
1968.

Experimental Performance of a Water-Electrolysis
Rocket, J. R. Rollubler0 for NASA, NASA TM X-1737,
February 1969.

Liquid Rocket Engine Combustion Stabilization Devices,
Design Criteria Office, Lewis Research Center, National
Aeronautics and Space Administration, Report Number
NASA SP-8113, November 1974. -

Measured Steady-State Performance of Water Vapor Jets
for Use in Space Vehicle Attitude Control Systems,
B. [O. Tinling, for NASA, NASA TND-1302, May 1962.

Reliability Testing and Demonstration- Aerospace
Problems, Vincent R. Lalli, Lewis Research Ce nter,
NASA TM X-6 1877, November 1971.

A Study of Programs for Evaluation of Componen. Lif,,
Marshall Space Flight Center, NASA, Contract
NAS 8-21296, Report Number MCR-69-366.

A Study of Storage Technol.gy for Va,-ious Launch
Vehicle Systems, NASA Contract NAS 8-21296, Report
Number MCR-68-329.

A Study of Total Space Life Performanc, of GSFC Space-
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